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ABSTRACT
E f f e c t s  o f  a c c e l e r a t i o n s  and i n i t i a l  c o n d i t i o n s  on 
movement, s h a p e ,  and e n e rg y  l o s s  o f c y c l o n ic  G u lf  S tre am  
e d d ie s  a r e  i n v e s t i g a t e d  by means o f an  e q u i v a l e n t - b a r o t r o p i c  
model. R o t a t i o n  i s  shown t o  depend on i n e r t i a l  a c c e l e r a ­
t i o n ,  w e s t  d r i f t  on C o r i o l i s  a c c e l e r a t i o n ,  and  n o r t h  d r i f t  
on b o th  i n e r t i a l  and C o r i o l i s  a c c e l e r a t i o n s .  I n d i v i d u a l  
members o f  a  p a i r  o f  c i r c u l a r  c y c lo n ic  e d d ie s  t e n d  t o  r e p e l  
each o t h e r .  The more e l l i p t i c a l  t h e  eddy , t h e  f a r t h e r  i t  
moves and t h e  f a s t e r  i t  l o s e s  e n e rg y .  E l l i p t i c a l  e d d ie s  
lo s e  e n e rg y  i n  more ways th a n  c i r c u l a r  o n e s .  I n  a d d i t i o n  
to  e n e rg y  l o s s  by  v i s c o u s  d i s s i p a t i o n ,  e l l i p t i c a l  e d d ie s  
lo s e  e n e rg y  by g e n e r a t i o n  o f  a n t i c y c l o n i c  e d d ie s  and  by 
s lo u g h in g  p a r t s  o f  t h e m s e lv e s .  I n i t i a l  p o s i t i o n  and  s t r u c ­
t u r e  have  o n ly  m inor e f f e c t s  on th e  above r e s u l t s .
viii
They t h a t  go down t o  t h e  s e a  i n  s h i p s ,  
t h a t  do  b u s i n e s s  i n  g r e a t  w a te r s ;
These se e  t h e  w orks o f  t h e  L o rd ,  
and h i s  wonders i n  t h e  d e e p .
Psalm  107, 23-24
ix
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TABLE 1 
DEFINITION OF SYMBOLS
Symbol* D e f i n i t i o n
a e a r t h ' s  r a d i u s
b boundary  l a y e r  t h i c k n e s s
c d ia m e te r  o f  eddy
d d i f f e r e n t i a l  o p e r a t o r
e r f e r r o r  f u n c t i o n
exp e x p o n e n t i a l  f u n c t i o n
E e a r t h ' s  a n g u l a r  v e l o c i t y
f C o r i o l i s  p a r a m e te r
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k u n i t  v e c t o r  down
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n g r i d  i n t e r v a l
o r a d i u s  o f  c u r v a t u r e  o f  f lo w
P p r e s s u r e
q d i s t a n c e  b e tw ee n  maximum and minimum v e l o c i t y
r r a d i a l  d i s t a n c e  from  eddy c o re
s tim e  s t e p
t tim e
V,v v e l o c i t y  ( o r  sp e e d )  o f  f l u i d
■y it speed  i n  b o u n d a ry  l a y e r
v ' maximum wave sp e ed
W v o r t i c i t y
X e a s tw a rd  c o o r d i n a t e ,  c r o s s  p r o d u c t
y n o r th w a rd  c o o r d i n a t e
z downward c o o r d i n a t e
a s p e c i f i c  volume
3 eddy v i s c o s i t y
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6 p a r t i a l  d e r i v a t i v e  o p e r a t o r
V d e l  o p e r a t o r  ( g r a d i e n t )
V2 L a p la c i a n  o p e r a t o r
VH h o r i z o n t a l  L a p l a c i a n  o p e r a t o r
a v e r t i c a l  sp e ed  v a r i a t i o n s
a v e ra g e d  q u a n t i t y
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* I n  g e n e r a l ,  v e c t o r s  a r e  r e p r e s e n t e d  by u p p e rc a s e  l e t t e r s  
and s c a l a r s  by lo w e rc a s e  l e t t e r s .
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CHAPTER I  
INTRODUCTION
T h is  c h a p t e r  s t a t e s  th e  o b j e c t i v e  o f  t h i s  i n v e s t i ­
g a t i o n  and  r e v ie w s  p r o p e r t i e s  o f  e d d ie s  and  n u m e r i­
c a l  m o d e ls .  E d d ie s  a r e  d e f i n e d  and  t h e i r  r o l e  i n  
t h e  o cean  i s  d i s c u s s e d .  Sam ples o f  o b s e rv e d  G u lf  
S tream  e d d ie s  a r e  shown, and  s e l e c t e d  r e c e n t  p a p e r s  
on t h e s e  e d d ie s  a r e  r e v ie w e d .  F i n a l l y ,  c h a r a c t e r ­
i s t i c s  and a p p l i c a t i o n s  o f  g e o p h y s ic a l  n u m e r ic a l  
m o d e lin g  a r e  d e s c r i b e d .
OBJECTIVES
G e n e r a l : M o d e ling  i n v e s t i g a t i o n s  g e n e r a l l y  h av e  two 
o b j e c t i v e s .  F i r s t ,  by f o r c i n g  a n  e x p l i c i t  and  q u a n t i t a t i v e  
s t a t e m e n t  o f  a  p ro b le m , th e y  p o i n t  o u t  w hat i s  unknown 
a b o u t  t h e  p ro b le m . A re a s  o f  i n s u f f i c i e n t  know ledge a l s o  
a r e  r e v e a l e d  th r o u g h  a s su m p t io n s  n e c e s s a r y  t o  c o n s t r u c t  
t h e  m odel, and  th r o u g h  i n i t i a l  model t e s t s .
A se co n d  o b j e c t i v e  o f  such  i n v e s t i g a t i o n s  i s  t o  p r o ­
v id e  s y s t e m a t i c  a n a l y s i s  o f  th e  p ro b lem . Model r u n s  s e r v e  
a s  c o n t r o l l e d  l a b o r a t o r y  e x p e r im e n ts  t o  i s o l a t e  and  s i m p l i ­
f y  com plex i n t e r a c t i o n s .
S p e c i f i c : L a rg e  (on  th e  o r d e r  o f  100 km), c y c l o n ic  
e d d ie s  n e a r  t h e  G u lf  S tre am  have been  o b se rv e d  t o  have  un­
u s u a l  b e h a v i o r .  To d a t e ,  th e  m a j o r i t y  o f  i n v e s t i g a t i o n s  o f  
t h e s e  e d d ie s  h a s  b e e n  d i r e c t e d  to w ard  o b s e r v in g ,  r a t h e r  
t h a n  a n a l y z i n g ,  t h i s  b e h a v io r .  As a  s t e p  tow ard  a n a l y s i s ,
t h i s  p a p e r  d e s c r i b e s  t h e  c o n s t r u c t i o n ,  t e s t i n g ,  and o p e r a t io n  
o f  an  e q u i v a l e n t - b a r o t r o p i c  n u m e r ic a l  model o f  c y c lo n ic  G u lf  
S tream  e d d i e s .  The model i s  t h e n  u s e d  t o  s tu d y  e f f e c t s  o f  
i n i t i a l  a c c e l e r a t i o n s ,  s h a p e ,  an d  o r i e n t a t i o n  on eddy move­
m en t, d e fo r m a t io n ,  and e n e rg y  l o s s .
EDDIES
C h a r a c t e r : E d d ie s  a r e  s w i r l i n g  f l u i d  b o d ie s  t h a t  r a n g e  
i n  e x t e n t  from an  e n t i r e  w a te r  mass t o  m ic ro s c o p ic  components 
o f  t u r b u l e n c e .  On a  p l a n e t a r y  s c a l e  e a c h  o c ea n  i s  a  l a r g e ,  
w in d - d r iv e n  eddy. T h e o r e t i c a l l y ,  t h i s  l a r g e  eddy sh o u ld  
t r a n s f e r  momentum by n o n l i n e a r  i n t e r a c t i o n s  downward th ro u g h  
t h e  s i z e  sp e c tru m  t o  s m a l l e r  e d d i e s .  The t r a n s f e r  p ro c e s s  
su p p o s e d ly  v a r i e s  w i th  s c a l e .  L a rg e  e d d ie s  p l a y  th e  m ajo r  
r o l e  i n  d i f f u s i o n ;  s m a l l  e d d i e s ,  th e  m a jo r  r o l e  i n  d i s s i p a ­
t i o n ;  and  m ed ium -s ized  e d d i e s ,  t h e  m a jo r  r o l e  i n  t h e i r  own 
b re a k u p  (R ouse , 1963 ) .
However, t h e s e  h y p o th e s e s  a p p a r e n t l y  do n o t  a p p ly  d i r e c t ­
l y  t o  t h e  o c e a n s .  Some i n v e s t i g a t o r s  ( e . g . ,  G ran t  e t  a l . ,  
1962) h ave  shown t h a t  s m a l l  e d d ie s  ( l e s s  t h a n  1 m d ia m e te r )  
behave  i n  t h i s  m anner, b u t  o t h e r s  ( e . g . ,  I c h i y e ,  1965a)  
have  found  a  t r a n s f e r  u p  t h e  s i z e  sp e c tru m  i n  l a r g e  e d d ie s  
n e a r  th e  G u lf  S t re a m . I n  t h i s  r e g i o n  t h e r e  a r e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  p r o p e r t i e s  o f  a d j a c e n t  w a te r  m a sse s ,  and 
e d d ie s  p l a y  a m a jo r  r o l e  i n  t h e  ex chan ge  (W eb s te r ,  1961 ) .  
I c h i y e  (19656) has sum m arized  t h e  a v a i l a b l e  d a t a  on o c cu r­
r e n c e ,  e x ch an g e , and  b e h a v i o r  o f  G u lf  S tre a m  and o th e r
5e d d ie s  o f  s i m i l a r  s i z e .
G u lf  S t r e a m : E d d ie s  have  been  o b se rv e d  n e a r  t h e  G u lf  
S tre am  f o r  many y e a r s .  S p i lh a u s  (19^0) foun d  t h r e e  su ch  
e d d ie s  i n  t e m p e r a t u r e  s e c t i o n s  th ro u g h  t h e  S t r e a m .  The 
l a r g e s t ,  w i t h  a  d i a m e t e r  o f  150 km, e x te n d e d  t o  a  d e p th  o f  
more th a n  1 ,0 0 0  m. By 19^8 two k in d s  o f  G u lf  S tre a m  e d d ie s  
had b e e n  i d e n t i f i e d — c y c l o n ic  and a n t i c y c l o n i c  ( I s e l i n  and 
F u g l i s t e r ,  1 9 ^ 8 ) .  D u r in g  two su b s e q u e n t  i n v e s t i g a t i o n s ,
O p e r a t io n  C a b o t  ( F u g l i s t e r  and W o rth in g to n ,  1951) and G u lf  
S tre am  '6 0  ( F u g l i s t e r ,  1963 ) ,  s e v e r a l  more e d d ie s  were 
l o c a t e d .  I c h i y e  ( 1965a )  c o n c lu d ed  t h a t  most e d d i e s  n e a r  t h e  
S tream  w ere  c u t - o f f  m ean d ers ,  because  c y c l o n i c  e d d ie s  w ere  
a lw ay s  l o c a t e d  s o u th  o f  th e  G ulf S tream  and a n t i c y c l o n i c  
e d d ie s  w e re  l o c a t e d  n o r t h  o f  th e  S tre am .
S h ip ,  a i r c r a f t ,  and  even  s a t e l l i t e  o b s e r v a t i o n s  o f  
t h e s e  e d d ie s  ( s h i p ,  e . g . ,  F u g l i s t e r ,  1967a ,  Thompson and  
G em m ill, 1 9 6 8 ; a i r c r a f t ,  e . g . ,  W ilk e rso n  e t  a l . ,  1969; and 
s a t e l l i t e ,  e . g . ,  W ilk e r s o n ,  196?) have r e c e n t l y  b e e n  o b t a i n e d .  
T a b le  2 shows th e  l o c a t i o n ,  s i z e ,  and r o t a t i o n a l  d i r e c t i o n  
of e d d ie s  o b s e r v e d  d u r i n g  t h e s e  o p e r a t i o n s .
T y p i c a l l y ,  G u lf  S tream  e d d ie s  a r e  g e n e r a t e d  s e v e r a l  
t im e s  a  y e a r  i n  t h e  open ocean  n o r th  o f  Bermuda. They 
a p p a r e n t l y  do  n o t  form  w es t  o f  70° W ( F u g l i s t e r  a n d  W o rth in g ­
t o n ,  1 9 5 1 ) .  When a  n o r th w a rd  p r o t r u d in g  m eander d e p a r t s  
from  th e  S t r e a m ,  a n  a n t i c y c l o n i c  ( c lo c k w ise )  eddy w i th  a  
warm c o re  i s  fo rm e d .  A sou thw ard  p r o t r u d in g  m eand er  form s 
a c y c l o n i c  ( c o u n te r c lo c k w is e )  eddy w i th  a  c o l d  c o r e .  The
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7f o r m a t io n ,  s h a p e ,  and  movement o f  s e v e r a l  c y c l o n i c  e d d ie s  
have been  o b s e rv e d  by means o f  t h e  th e rm a l  c o n t r a s t  o f  t h e i r  
c o ld  c o r e s  ( F ig u r e s  1 and  2 ) .
B ased  on t h e s e  o b s e r v a t i o n s ,  W arren  (1967) d e r i v e d  for® 
m ulas f o r  d i s p la c e m e n t  sp eed s  o f  c i r c u l a r ,  i n v i s c i d ,  c y c lo n ic  
e d d ie s  t h a t  e x te n d  t o  t h e  b o ttom  and do  n o t  ch an g e  s i z e .  His 
fo rm u la s  r e l a t e  t r a n s l a t i o n a l  sp e e d  t o  v a r i a t i o n s  i n  C o r i o l i s  
a c c e l e r a t i o n ,  asym m etry of i n t e r n a l  f lo w ,  and  b o t to m  to p o g ra ­
phy. He p r e d i c t e d  t h a t  a  w estw ard  d r i f t  w ould  o c c u r  i n  r e ­
sp o n se  t o  C o r i o l i s  a c c e l e r a t i o n ,  b u t  i n d i c a t e d  t h a t  t h i s  
d r i f t  c o u ld  be  masked by v a r i a t i o n s  i n  f lo w  s p e e d s  r e s u l t i n g  
from i n i t i a l  a sy m m e tr ie s  o r b o t to m  s l o p e s .  S in c e  o b se rv e d  
e d d ie s  c h an g e  s i z e  and shape  and  a r e  o f t e n  e l l i p t i c a l ,  h i s  
fo rm u la s  a r e  d i f f i c u l t  t o  t e s t .
Newton (195 9 , 1961) a rg u e d  t h a t ,  a s i d e  from  10 t o  1 
s c a l e  d i f f e r e n c e s ,  j e t - s t r e a m  and G u lf  S tre a m  e d d y in g  p ro ­
c e s s e s  a r e  s i m i l a r .  Both  s t r e a m s ,  i n  b a l a n c i n g  c r o s s ­
s t r e a m  h e a t  ex ch a n g e ,  have  a  m oving zone  o f  s t r o n g  th e rm a l  
c o n t r a s t .  E d d ie s  i n  b o th  s t r e a m s  a r e  p r e c e d e d  by m eanders 
w i th  u p s t r e a m  c o n c e n t r a t i o n s  o f  k i n e t i c  and  th e r m a l  e n e rg y .
Mass t r a n s p o r t  d u r in g  fo r m a t io n  o f  c y c l o n i c  j e t - s t r e a m  and 
c y c l o n ic  G u lf  S tream  e d d ie s  w ere  e s t i m a t e d  t o  be  co m p a rab le .
Lack o f  d a t a  on i n t e r n a l  s t r u c t u r e  o f  G u lf  S tre a m  e d d ie s ,  
how ever, ham pered  b o th  th e  a n a lo g y  and t h e  e s t i m a t i o n s .
Adem and Lezama ( I9 60 )  u s e d  t h e  p r i n c i p l e  o f  c o n s e r v a ­
t i o n  o f  v o r t i c i t y  t o  s tu d y  t h e  e f f e c t s  o f  C o r i o l i s  a c c e l e r ­
a t i o n  and  b ackg rou nd  d r i f t  on a n  i d e a l i z e d  a tm o s p h e r ic
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F ig u r e  2
F o rm a t io n  o f  C y c lo n ic  G u l f  S t re a m  Eddy -  
W ilk e r s o n  e t  a l . ,  1969
c y c lo n e .  A lth o u g h  num erous a tm o s p h e r ic  c y c lo n e s  h av e  b e e n  
s t u d i e d  u s i n g  t h i s  p r i n c i p l e ,  s i m i l a r  i n v e s t i g a t i o n s  o f  G u lf  
S tream  e d d ie s  a p p a r e n t l y  h av e  n o t  been  made. J u d g in g  from  
m e t e o r o l o g i c a l  a p p l i c a t i o n s ,  t h e  sh a p e s  and  m o tio n s  o f  c y ­
c l o n i c  G u lf  S tre am  e d d ie s  c o u ld  be  i n v e s t i g a t e d  by u s i n g  a  
v o r t i c i t y  model w i t h  v a r i o u s  i n i t i a l  c o n d i t i o n s .
MODELING
T e c h n iq u e : A p h y s i c a l  model o f  a  G u lf  S tre am  eddy w ould 
be d i f f i c u l t  t o  c r e a t e ,  b e c a u se  an  e n t i r e  s e r i e s  o f  d im e n -  
s i o n l e s s  num bers f o r  c h a r a c t e r i z i n g  t h e  f lo w  would have  t o  
be s im u l t a n e o u s ly  m a tch e d . Compromises would be  n e c e s s a r y .  
(B aker (1970) d e s c r i b e s  su c h  a  model o f  t h e  N o r th  A t l a n t i c  
and i t s  l i m i t a t i o n s . )  I n  a d d i t i o n ,  e a c h  a c c e l e r a t i o n  i n  a  
p h y s i c a l  model c a n n o t  e a s i l y  be  c o n t r o l l e d  t o  i s o l a t e  i t s  
s e p a r a t e  e f f e c t .  Owing t o  t h e s e  l i m i t a t i o n s ,  a n  a l t e r n a t e  
m o d e lin g  scheme was em ployed .
N u m e ric a l  m o d e l in g  i s  a  t e c h n iq u e  i n  w h ich  t h e o r y  i s  
u se d  t o  p r e d i c t  f l u i d  m o tio n .  I n  e s s e n c e ,  an  i n t e g r a t i o n  o f  
th e  e q u a t io n  o f  m o tio n  w i th  r e s p e c t  t o  t im e  i s  p e r fo rm e d  
n u m e r i c a l l y .  One a d v a n ta g e  o f  t h i s  m ethod i s  t h a t  e ac h  
a c c e l e r a t i o n  c an  e a s i l y  be e l i m in a t e d  so  t h a t  e d d ie s  c a n  be  
o b se rv e d  i n  h i g h l y  s i m p l i f i e d  s i t u a t i o n s .  By p r o g r e s s i v e l y  
e x c lu d in g  e a c h  a c c e l e r a t i o n ,  complex i n t e r a c t i o n s  c an  be  
c l a r i f i e d .
The m o d e lin g  p r o c e s s  c o n s i s t s  o f  s e v e r a l  s t e p s .  F i r s t ,  
th e  e q u a t io n s  o f  m o tio n  a r e  a p p ro x im a te d  by a  s e t  o f  f i n i t e
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d i f f e r e n c e  e q u a t io n s .  I n  d i f f e r e n c e  e q u a t i o n s ,  d e r i v a t i v e s  
a r e  r e p l a c e d  by r a t e s  o f  c h an g e  m easu red  a lo n g  a  d a t a  g r i d .
By t h i s  m eans, th e  o r i g i n a l ,  n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  
e q u a t io n s  a r e  r e p l a c e d  by a  t r a c t a b l e  a l g e b r a i c  s e t .  S econd , 
t h i s  s e t  i s  r e a r r a n g e d  so  t h a t  a l l  te rm s  i n v o lv i n g  d i f f e r e n ­
t i a t i o n  w i th  r e s p e c t  t o  t im e  a r e  on one s i d e  of t h e  e q u a t io n s .
The e q u a t io n s  th e n  g iv e  t h e  l o c a l  t im e  r a t e  o f  change a t  each  
g r i d  p o i n t  i n  te rm s o f  t h e  g r i d  i t s e l f .  T hese  r a t e s  o f  c h a n g e ,  
t o g e t h e r  w i th  th e  g iv e n  i n i t i a l  c o n d i t i o n s ,  p ro v id e  s u f f i c i e n t  
i n f o r m a t i o n  f o r  p r e d i c t i n g  g r i d  v a l u e s  a  s h o r t  t im e  i n t o  t h e  
f u t u r e .  S u c c e s s iv e  r e p e a t e d  a p p l i c a t i o n s  o f  th e  t e c h n iq u e  
t h e o r e t i c a l l y  e n a b le  p r e d i c t i n g  t h e  g r i d  t o  any  f u t u r e  t im e .
A p p ro x im a tio n  o f  d i f f e r e n t i a l  e q u a t io n s  by f i n i t e  d i f ­
f e r e n c e  e q u a t io n s ,  h o w e v e r ,  i n t r o d u c e s  e r r o r s .  Under c e r ­
t a i n  c o n d i t i o n s ,  t h e s e  e r r o r s  c a n  overwhelm  th e  d e s i r e d  s o l u ­
t i o n .  T h is  s i t u a t i o n ,  c a l l e d  c o m p u ta t io n a l  I n s t a b i l i t y ,  i s  
c o n t r o l l e d  by j u d i c i o u s  s e l e c t i o n  o f  p r e d i c t i o n  i n t e r v a l  and 
g r i d  s i z e  f o r  th e  w a v e le n g th s  o f  i n t e r e s t  (R o b e r t  e t  a l . ,
1 9 7 0 ) .
T h is  ty p e  o f p r e d i c t i o n  p ro b lem  h a s  b e en  p r o p e r ly  p o sed  
f o r  many y e a r s .  R ic h a rd s o n  (1922) d e v i s e d  t h e  n u m e r ic a l  
m e th o d , b u t  th e  t e c h n iq u e  l a y  d o rm an t u n t i l  t h e  a d v e n t  o f  
co m p u te rs  c a p a b le  o f  h a n d l i n g  t h e  enormous volume o f  c a l c u ­
l a t i o n s .  The method s t i l l  h a s  s e v e r a l  p ro b lem s  even  w i th  
p r e s e n t  m ach in es .
P ro b le m s : The f i r s t  p ro b lem  a r i s e s  from  th e  e q u a t io n s  
o f  m o t io n ,  which a r e  so  g e n e r a l  t h a t  m u l t i t u d e s  o f  wave-
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l e n g t h s  an d  p r o p a g a t io n  sp e ed s  a r e  p o s s i b l e  (so u n d  w aves , 
g r a v i t y  w a v es ,  E o ssb y  w aves , e t c . ) .  T h is  w ide  r a n g e  makes 
th e  a v o id a n c e  o f  c o m p u ta t io n a l  i n s t a b i l i t y  f o r  a l l  modes o f  
v i b r a t i o n  i m p r a c t i c a l .  The u s u a l  p ro b lem s o f  s a m p l in g ,  
a l i a s i n g ,  a n d  b o u n d a ry  e f f e c t s  a l s o  a r i s e  when t h e  p r o p e r t i e s  
o f  a  c o n t in u o u s  o c ea n  w i th  i r r e g u l a r  b o u n d a r i e s  a r e  r e c o r d e d  
on t h e  g r i d .
P a r t  o f  t h e  above  d i f f i c u l t i e s  a r e  c o n t r o l l e d  by su p ­
p r e s s i n g  waves t h a t  a r e  s h o r t  enough t o  p ro d u c e  p ro b le m s .
T h is  p r o c e d u r e  m ust be  done c a r e f u l l y ,  h o w ev er ,  s i n c e  t h e  
c o n t r o l l i n g  e q u a t io n s  a r e  n o n l i n e a r  and  momentum c an  be t r a n s ­
f e r r e d  b e tw e e n  w a v e le n g th s .  S u p p r e s s io n  o f  a n  u n d e s i r a b l e  
w a v e le n g th  c a n  a l t e r  a  d e s i r a b l e  one . N e v e r t h e l e s s ,  c o n s id ­
e r a b l e  p r a c t i c a l  s u c c e s s  h a s  been  a c h ie v e d  by two m e th o d s .
I n  t h e  f i r s t  o f  t h e s e  m ethods, th e  e q u a t i o n s  a r e  modi­
f i e d  t o  e l i m i n a t e  s h o r t  w aves. Charney  (19^8) i s  c r e d i t e d  
w i th  f i r s t  e x p l a i n i n g  how t h i s  c an  be done  t o  t h e  e q u a t io n s  
r e p r e s e n t i n g  g e o p h y s i c a l  f l u i d  m o tio n .  I n  t h e  se co n d  m ethod , 
sm o o th in g  i s  i n c o r p o r a t e d  i n  t h e  p r e d i c t i o n  p r o c e s s  e i t h e r  
by d i r e c t l y  f i l t e r i n g  each  p r e d i c t i o n  s t e p  o r  by i m p l i c i t  
sm o o th in g  i n  t h e  v i s c o u s  te rm  and i n  t h e  f i n i t e - d i f f e r e n c e  
o p e r a t o r s .
A s p e c i a l  p ro b lem  i s  a l s o  p r e s e n t e d  by t h e  v i s c o u s  term  
i n  t h e  e q u a t i o n s .  T u rb u le n c e ,  t h e  s o u r c e  o f  t h e  te rm  i n  
t h i s  c a s e ,  i s  n o t  w e l l  u n d e rs to o d  and c a n n o t  be  r e l a t e d  
e a s i l y  t o  o t h e r  v a r i a b l e s  i n  t h e  e q u a t i o n s .  The te rm  i s  
g e n e r a l l y  e i t h e r  ig n o r e d  o r  a p p ro x im a te d  i n  t h e  form  u s e d  in
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t h e  N a v ie r -S to k e s  e q u a t i o n .  I n  t h e  l a t t e r  c a s e ,  k in e m a t ic  
v i s c o s i t y  i s  r e p l a c e d  by a  much l a r g e r  c o n s t a n t  c a l l e d  eddy 
v i s c o s i t y .
A no ther  p ro b lem  s te m s  from  t h e  r e l a t i v e  s i z e  o f  th e  
te rm s  i n  t h e  e q u a t i o n s .  Two o f  t h e  t e r m s ,  p r e s s u r e  a n d  
C o r i o l i s  a c c e l e r a t i o n ,  a r e  much l a r g e r  th a n  th e  o t h e r s .  F u r ­
th e rm o re  th e y  h av e  o p p o s i t e  s i g n s  and a r e  n e a r l y  e q u a l  i n  
m ag n itu d e .  T h is  means t h a t  s m a l l  e r r o r s  i n  t h e s e  two te rm s 
c o u ld  mask s m a l l e r  t e r m s .  To a v o id  t h i s  d i f f i c u l t y  t h e  
b a s i c  e q u a t io n s  a r e  n o t  u s e d ,  b u t  a r e  r e p l a c e d  by  t h e i r  
c u r l — th e  v o r t i c i t y  e q u a t i o n s .  C om pensation  o f  t h e  tw o m a jo r  
te rm s  in  t h e  v o r t i c i t y  e q u a t i o n s  i s  a v o id e d ,  b e c a u se  th e  
p r e s s u r e  te rm  i s  e l i m i n a t e d .
A p p l i c a t i o n s : N u m e ric a l  w e a th e r  p r e d i c t i o n s  have  a h ie v e d  
re m a rk a b le  s u c c e s s  u s i n g  m o de ls  b a sed  on th e  above m o d i f i ­
c a t i o n s  t o  v o r t i c i t y  e q u a t i o n s .  The te c h n iq u e s  t h e o r e t i c a l l y  
a p p e a r  t o  be  ev en  b e t t e r  s u i t e d  t o  t h e  ocean  w i th  i t s  lo w er  
f lo w  sp e e d s .  I s e l i n  (1950) n o t e d ,  f o r  exam ple, t h a t  a tm os­
p h e r i c  lows d e v e lo p  a b o u t  s e v e n  t im e s  f a s t e r  t h a n  G u lf  
S tream  e d d ie s .  R e c e n t  n u m e r i c a l  m odels o f  e n t i r e  o c e a n s  
u s i n g  t h i s  a d v a n ta g e  h av e  b e e n  t e s t e d  i n  lo n g - te r m  p r e d i c t i o n s  
(B ryan , 1969; S a r k i s y a n ,  1 9 6 9 ) .
Ju d g in g  from  t h e s e  e x p e r i m e n t s ,  a  s i m p l i f i e d  n u m e r i c a l  
model o f  c y c l o n i c  G u lf  S tre am  e d d ie s  a p p e a re d  p o s s i b l e  and 
p r a c t i c a l .  By a l t e r i n g  i n i t i a l  c o n d i t i o n s ,  th e  m odel c o u ld  
I n d i c a t e  w hich  a c c e l e r a t i o n s  c o n t r o l  eddy sh a p es  and move­
m ents and i n d i c a t e  how t h e s e  a c c e l e r a t i o n s  i n f l u e n c e  a n
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e d d y 's  s h o r t - t e r m  h i s t o r y .  T h is  o b j e c t i v e  i s  som ewhat d i f ­
f e r e n t  from  th o s e  o f  th e  o th e r  m odels m e n tio n e d . W ell-know n 
i n i t i a l  c o n d i t io n s  were used  i n  th o s e  m odels t o  p r e d i c t  a 
f u t u r e  s t a t e .  In  t h i s  m odel, h o w ev er, n o  d e t a i l e d  i n i t i a l  
c o n d i t i o n s  w ere  a v a i l a b l e .  I n s t e a d ,  v a r io u s  i n i t i a l  c o n d i­
t i o n s  w ere i n f e r r e d ,  a lo n g  w i th  m o d i f i c a t io n s  t o  th e  equa­
t i o n s ,  so  t h a t  d i f f e r e n c e s  i n  p r e d i c t i o n s  c o u ld  b e  s tu d ie d .
Runs w i th  t h i s  model show t h a t ,  d e p e n d in g  on  th e  p a r t i c ­
u l a r  f o r c e s  in v o lv e d , a  c y c lo n ic  eddy  w i l l  r o t a t e ,  d r i f t ,  
c h an g e  s h a p e , o r  spawn o th e r  e d d ie s  i n  a n  a t t e m p t  to  a c h ie v e  
a  b a la n c e  o f  th e  a c c e l e r a t i o n s  a c t i n g  u p o n  i t .
CHAPTER I I  
METHOD
T his c h a p te r  d e v e lo p s  th e  c y c lo n ic  G u lf S tre am  
eddy m o d el. T he m a jo r  a c c e l e r a t i o n s  on th e s e  
e d d ie s  a r e  c o n s id e r e d ,  and  th e  m a th e m a tic a l b a c k ­
ground  o f  t h e  m odel i s  g iv e n .  The t r a n s f o r m a t io n  
from  a n a l y t i c a l  to  f i n i t e - d i f f e r e n c e  form  o f  th e  
e q u a t io n s  i s  d i s c u s s e d .  F i n a l l y ,  th e  o p e r a t io n a l  
c h a r a c t e r i s t i c s  o f  th e  m odel a r e  d iag ra m e d .
OCEANOGRAPHIC BASIS
Dom inant A c c e l e r a t i o n s : J u d g in g  from  th e  s o u r c e ,  d im en­
s io n s ,  s p e e d s ,  and  r a t e s  o f  d e c a y  o f  c y c lo n ic  G u lf S tre a m  
e d d ie s ,  th e  im p o r ta n t  a c c e l e r a t i o n s  a r e  C o r i o l i s ,  h o r i z o n t a l  
p r e s s u r e ,  i n e r t i a l ,  and  v i s c o u s .  The f i r s t  two o f  t h e s e  
a c c e l e r a t i o n s  c a n  b e  e x p e c te d  t o  be o f  s i m i l a r  m a g n itu d e ;
b ecau se  th e  G u lf  S tre a m , from  w hich  th e  e d d ie s  a r e  fo rm ed ,
i s  n e a r ly  g e o s to p h lc  (S tom m el, 1965)*
The r a t i o  o f  i n e r t i a l  and  C o r i o l i s  a c c e l e r a t i o n s  i s  
g iv e n  by th e  R o ssb y  num ber.
R o ssb y  num ber = v / 2 c f ,  w here 2 .1 .1 *
v = s p e e d  w i th in  eddy** « 1 m /sec
c = d ia m e te r  o f  eddy « 100 km
f  = C o r i o l i s  p a ra m e te r  ( tw ic e  s in e  o f  l a t i t u d e
t im e s  e a r t h ' s  a n g u la r  sp e ed ) « xo / s e c
* E q u a tio n s  a r e  num bered  a s  f o l lo w s :  f i r s t  num ber i s  th e  
c h a p te r ,  se co n d  i s  t h e  s u b d iv i s io n  o f  th e  c h a p te r ,  t h i r d  i s
th e  c o n s e c u t iv e  num ber w i th in  t h e  c h a p te r  s u b d iv i s io n .
** Symbols a r e  d e f i n e d  i n  T a b le  1 a l s o .
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T h ese  v a lu e s  g iv e  a  R ossby num ber o f  0 .1 ,  i n d i c a t i n g  t h a t  
w h i le  i n e r t i a l  a c c e l e r a t i o n s  a r e  s m a l l e r  th a n  th e  C o r i o l i s  
a c c e l e r a t i o n ,  th e y  a r e  n o t  n e g l i g i b l e .
The im p o rta n c e  o f  v i s c o s i t y  i n  th e  i n i t i a l  m o tio n  c an  
b e  s e e n  in  F ig u re  2 . The s u r f a c e  o u tc r o p  o f  th e  eddy i n  t h i s  
f i g u r e  d e c re a s e d  to  h a l f  i t s  o r i g i n a l  s i z e  i n  5 w eeks. Sub­
s u r f a c e  d a t a  (W ilk e rso n  e t  a l . ,  1969) i n d i c a t e  t h a t  th e  eddy 
was n o t  s in k in g  d u r in g  t h i s  p e r io d .  V i s c o s i ty  was a p p a r e n t ly  
a t  w ork r a p i d l y  e ro d in g  th e  c o re  o f  th e  ed d y .
By c o n t r a s t ,  some e d d ie s  ( F u g l i s t e r ,  1967a) a p p a r e n t ly  
e x i s t  w i th  o n ly  s m a ll  l o s s e s  o v e r  a  5 -m onth  p e r io d .  S tro n g  
h o r i z o n t a l  s h e a r  z o n es  m ust o c c u r  an d  p ro d u c e  l a r g e  v is c o u s  
d i s s i p a t i o n  when e d d ie s  f i r s t  fo rm . I n  tim e  th e s e  zo n es  
a p p a r e n t ly  a r e  sm oothed  and v is c o u s  f o r c e s  a r e  re d u c e d . 
S i m i la r  r e a c t i o n s  o f  r a p id  d e c r e a s e  i n  s i z e  fo llo w e d  by p ro ­
g r e s s i v e l y  s lo w e r  d e c r e a s e  w ere p ro d u ce d  i n  th e  m odel by eddy 
v i s c o s i t y .
A ssu m p tio n s : S in c e  o n ly  g e n e r a l  c h a r a c t e r i s t i c s  p ro ­
d u ced  by d i f f e r e n t  i n i t i a l  c o n d i t io n s  a r e  t o  be  com pared in  
t h i s  p a p e r ,  num erous s i m p l i f i c a t i o n s  w ere  made i n  th e  
d e r i v a t i o n s .
I n  th e  f i r s t  o f  t h e s e  s i m p l i f i c a t i o n s ,  th e  c o n t i n u i ty  
e q u a t io n  i s  r e p la c e d  by th e  i n c o m p r e s s i b i l i t y  c o n d i t io n  
(V .V = 0). P h i l l i p s  (1966) d i s c u s s e d  th e  s m a ll  e r r o r s  in ­
v o lv e d  in  t h i s  a p p ro x im a tio n , an d  C h arn ey  (19^8) showed 
t h a t  i t s  u s e  e l im in a te d  sound w aves and  t h e i r  a s s o c i a t e d  
s t a b i l i t y  p ro b le m s .
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The seco n d  a s su m p tio n  r e l a t e s  t o  th e  c o o r d in a te  sy s te m .
A t a n g e n t - p l a n e ,  r e c t a n g u l a r  sy stem  was u se d *  ( l e f t - h a n d e d
w ith  x - e a s t ,  y - n o r t h ,  z -d o w n ); and d e v ia t i o n s  c a u se d  by
th e  e a r t h ' s  c u r v a tu r e  w ere  ig n o re d .  J u s t i f i c a t i o n  was b a se d
on th e  s i z e  o f  t h e  e d d ie s .  An a n a l y s i s  by Thompson ( 1 9 6 1 )
showed t h a t  e r r o r s  on th e  o rd e r  o f  v . / a  (v = flo w  s p e e d ,
a = e a r t h 's  r a d i u s )  w ere  in tro d u c e d  by ig n o r in g  c u r v a tu r e
e f f e c t s .  The i n e r t i a l  a c c e l e r a t i o n s ,  i n  c o m p a riso n , a r e  on
2
th e  o r d e r  o f  2v / q  (q = d is ta n c e  b e tw een  maximum and minimum v ) .  
U s in g  t y p i c a l  v a lu e s  o f  a = 6 ,^ 0 0  km and  q=6^ km, even  th e  
r e l a t i v e l y  s m a ll  i n e r t i a l  a c c e l e r a t i o n s  a r e  two o r d e r s  l a r g e r  
th a n  t h e s e  e r r o r s .
The t h i r d  a s s u m p tio n  c o n c e rn s  th e  f lo w  w i th in  a n  ed d y . 
F u g l i s t e r  ( 1967b) s u g g e s te d  t h a t  e d d ie s  move b a r o t r o p i c a l l y  
l i k e  v e r t i c a l  c y l i n d e r s  o f  w a te r  w ith  i n t e r n a l  sp e e d s  d e ­
c r e a s i n g  w i th  d e p th .  S u b s u r fa c e  d a ta  by W ilk e rs o n  e t  a l .
( 1969 ) i n d i c a t e  t h a t  a l th o u g h  e d d ie s  s h r in k  h o r i z o n t a l l y ,  
t h e i r  v e r t i c a l  t h ic k n e s s  rem a in s  f a i r l y  c o n s t a n t  i n  t h e i r  
e a r l y  s t a g e s .  T hese  m a n i f e s ta t io n s  f i t  t h e  e q u iv a le n t - b a r o -  
t r o p i c  m odel d e v e lo p e d  f o r  th e  a tm o sp h e re  by C harney  and 
E l i a s s e n  (1 9 ^ 9 )•  I n  t h i s  m odel, w hich i s  u sed  i n  t h i s  
p a p e r ,  t h e  v e r t i c a l  th ic k n e s s  o f  th e  eddy i s  c o n s t a n t ,  th e  
f lo w  i s  h o r i z o n t a l ,  and  th e  flo w  s p e e d , b u t  n o t  th e  d i r e c ­
t i o n ,  v a r i e s  v e r t i c a l l y .
* P o la r  c o o r d in a te s  a p p e a re d  s im p le r  i n i t i a l l y ,  b u t  su b ­
s e q u e n t  eddy m o tio n s  c o m p lic a te d  t h e i r  u s e .
The e q u iv a l e n t - b a r o t r o p ic  a s su m p tio n s  have two im p o r ta n t  
a d v a n ta g e s . F i r s t ,  h o r i z o n t a l  f lo w  e x c lu d e s  g r a v i t y  w av es . 
S eco n d , b a r o c l i n i c  e f f e c t s  p ro d u c in g  v e r t i c a l  s h e a r  c an  be 
g rouped  i n to  a  s i n g l e  c o n s t a n t  i n  th e  p r e d i c t i o n  e q u a t io n .  
T h is  c o n s ta n t  c a n  th e n  be  c h o se n  t o  s im u la te  a  r e a l i s t i c  
v e r t i c a l  s h e a r  o r  s e t  t o  z e r o  t o  e l im in a te  i n e r t i a l  a c c e l ­
e r a t i o n s .
The d is a d v a n ta g e  o f  t h i s  m odel i s  t h a t  o n ly  v e r t i c a l l y  
a v e ra g e d  c h a r a c t e r i s t i c s  a r e  c a l c u l a t e d .  An eddy h a s  t o  
b e  r e p r e s e n te d  by a  s i n g l e  a v e ra g e d  p i c t u r e .  T h is  l i m i t a ­
t i o n  m ust be rem em bered when r e s u l t s  a r e  shown.
The f i n a l  a s s u m p tio n  c o n c e rn s  eddy v i s c o s i t y .  A c o n ­
s t a n t  eddy v i s c o s i t y  o f  100 m2/ s e c  i s  u s e d . T h is  v a lu e  i s  
ro u g h ly  a n  a v e ra g e  o f  e s t im a te s  by Munk (1 9 5 0 ) , W o rth in g to n  
(1 9 5 ^ ) , and Stommel (19 5 5 )*  The u s e  o f  t h i s  v a lu e  seem s 
j u s t i f i e d  s in c e  t e s t  r u n s  g iv e  s t a b l e  p r e d i c t i o n s  w ith  eddy 
l i f e t i m e s  and s i z e  r e d u c t io n s  c o m p a rab le  to  th o s e  o b se rv e d  
i n  G u lf S tream  e d d ie s .
MATHEMATICAL BASIS
V o r t l c l t y  E q u a t io n : The fo u n d a t io n  o f  th e  m odel i s  th e  
v e c to r  e q u a t io n  o f  m o tio n  (N a v ie r -S to k e s  e q u a t io n  f o r  a  
c o n tin u o u s ,  i s o t r o p i c ,  t u r b u l e n t  f l u i d )  c o n ta in in g  th e  dom i­
n a n t  a c c e l e r a t i o n s .
6V /6 t + (V.V)V * -  ctVp -  2ExV -  Vg + pV2V ,  2 .2 .1
w here
V = v e l o c i t y  p = p r e s s u r e
t  = tim e  E = e a r t h ' s  a n g u la r  v e lo c i ty
v = d e l  o p e r a to r  g = g e o p o t e n t i a l
a  => s p e c i f i c  volume p = eddy v i s c o s i t y
The f i r s t  s t e p  i n  d e r i v i n g  th e  p r e d i c t i o n  e q u a t io n  i s
t o  t a k e  t h e  c u r l  o f  th e  ab o v e  e q u a t io n  a n d  u s e  th e  i d e n t i t y
t h a t  th e  c u r l  o f  a  g r a d ie n t  i s  z e r o .
v x ( 6V /6 t )  + v x (V. v )V = -v a x v p  -  vx(2ExV ) + vxpv2V 2 .2 .2
S in c e  th e  v e lo c i t y  f i e l d  h as  c o n tin u o u s  d e r i v a t i v e s ,
th e  d e l  o p e r a to r  can  be moved th ro u g h  th e  f i r s t  term  on th e
l e f t  and  th e  l a s t  te rm  on t h e  r i g h t .  T h is  g iv e s  th e  new
q u a n t i t y  v o r t i c i t y  (vxV) w h ich  i s  l a b e l e d  W.
6W/6 t  + vx(V .v)V  = -vctxvp -  vx(2ExV) + 0V2W 2 .2 .3
F o r t y p i c a l  eddy v a lu e s ,  th e  f i r s t  te rm  on th e  r i g h t
( t h e  s o le n o id a l  te rm ) i s  b e tw een  two an d  s e v e n  o rd e rs  o f
m ag n itu d e  s m a l le r  th a n  th e  o t h e r  t e r m s ,  s o  i t  i s  n e g le c te d .
V e c to r  a lg e g r a  and  th e  d e f i n i t i o n  o f  v o r t i c i t y  can  be
u se d  to  s im p l i f y  th e  second  te rm  on th e  l e f t .
vx(V .v)V  = v x (v (v 2/ 2 ) -  Vx(vxV )) 2 . 2 .4
= -vx(VxW) 2 .2 .5
= -(W.V)V + W(V.V) + (V.V)W -  V(V.W) 2 .2 .6
U s in g  th e  c o n d i t io n s  t h a t  th e  f l u i d  i s  in c o m p re s s ib le
and  t h a t  th e  d iv e rg e n c e  o f v o r t i c i t y  i s  i d e n t i c a l l y  z e r o ,
t h i s  te rm  i s  p u t  i n  f i n a l  fo rm .
vx(V .v)V  = -(W .v)V  + (V.v)W 2 .2 .7
S im i la r  m a n ip u la t io n s  a r e  p e rfo rm e d  on t h e  second te rm
on t h e  r i g h t .
-Vx(2ExV) = - (V .v )2 E  + V (v .2 E ) + (2E .v )V  + 2E (v.V ) 2 .2 .8
S in c e  E i s  c o n s t a n t ,  i t s  d iv e rg e n c e  i s  z e r o .  U s in g  th e  
i n c o m p r e s s i b i l i t y  c o n d i t i o n  a g a in ,  th e  te rm  in v o lv in g  E i s  
f u r t h e r  s i m p l i f i e d .
-Vx(2ExV) = -(V .v )2 E  + (2E.V)V 2 .2 .9
T h ese  two te rm s  a r e  th e n  p u t back  i n t o  th e  o r i g i n a l  
e q u a t io n .
6W /6t -  (W.v)V + (V.v)W = ~ (V .v)2E  + (2E .v )V  + pv2** 2 .2 .1 0
T h is  e q u a t io n  i s  r e a r r a n g e d  and re g ro u p e d  t o  g iv e  t h e  v o r t i ­
c i t y  e q u a t io n .
6W /6t + (V.v)(W +2E) = ((W+2E).V)V + pV2W 2 .2 .1 1
P r e d i c t i o n  E q u a t io n : B e fo re  th e  v o r t i c i t y  e q u a t io n  i s  
u s e d , i t s  v e r t i c a l  com ponent i s  i s o l a t e d  an d  v e r t i c a l l y  i n ­
t e g r a t e d .  To i s o l a t e  th e  v e r t i c a l  com ponen t, t h e  e q u a t io n  
i s  d o t t e d  w ith  th e  u n i t  v e c to r  k .
k .(6 W /6 t)  + k .(V .v )(W + 2E ) = k .((W + 2E ).v )V  + k .p v 2W 2 .2 .1 2  
The u n i t  v e c t o r  i s  n e x t  in te rc h a n g e d  w i th  some o t h e r  o p e ra ­
t i o n s .
6 ( k .W ) /6 t  + (V .V )(k.W +k.2E) =
( (W+2E).V)k.V + pv2 (k.W ) 2 .2 .1 3
The f i r s t  te rm  on t h e  r i g h t  i s  z e ro  b e c a u se  t h e  v e l o c i t y  i s  
assum ed  t o  be h o r i z o n t a l .  The sym bol y i s  n e x t  s u b s t i t u t e d  
f o r  t h e  v e r t i c a l  com ponent o f  v o r t i c i t y ,  and  f  i s  s u b s t i t u t e d  
f o r  t h e  v e r t i c a l  com ponent o f  th e  e a r t h ' s  a n g u la r  v e lo c ­
i t y  ( E ) .*
6 y /6 t  + (V.V) (y + f) * pV2y 2 .2 .1 4
B e fo re  t h i s  e q u a t io n  i s  i n t e g r a t e d ,  th e  fo rm  o f  V
* The e x a c t  e x p r e s s io n  f o r  f  was u se d  i n s t e a d  o f  t h e  b e t a -
p la n e  a p p ro x im a t io n .
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s h o u ld  be s p e c i f i e d .  M a tch in g  th e  g e n e r a l  c h a r a c t e r  o f  th e  
e q u iv a le n t - b a r o t r o p ic  m odel t o  v e l o c i t y  o b s e r v a t io n s  ta k e n  
w i th in  e d d ie s  and  th e  G u lf  S tre a m  ( F u g l i s t e r  and  W o rth in g to n ,
1951 ; Stom m el, 1965; U. S . N a v a l O cean. O f f i c e ,  1 9 6 8 ), th e  
fo l lo w in g  v e r t i c a l  p r o f i l e  was o b ta in e d :
V ( x ,y ,z , t )  = a ( z ) V ( x , y , t )  2 .2 .1 5
w h e re : a ( z ) = iK 8 2 , z < 1 0 m  2 .2 .1 6
a ( z )  = ^ . 8 2 e x p ( - ^ .9 ( z - 1 0 ) / h ) , 10 £ z £ h 2 .2 .1 ?
a ( z )  = 0 , z > h
V = v e r t i c a l l y  a v e r a g e d  v e l o c i t y  
h = v e r t i c a l  t h i c k n e s s  o f  eddy = 2 km 
T a b le  3 com pares t h i s  e m p i r ic a l  p r o f i l e  w i th  one m easured  
i n  th e  G u lf S tre a m 's  a x i s  (U. S .  N aval O cean . O f f i c e ,  1 9 6 8 ).
I n  a d d i t i o n  to  b e in g  s i m i l a r  t o  o b s e r v a t io n s ,  th e  p ro ­
p o se d  p r o f i l e  a id s  th e  i n t e g r a t i o n  s t e p  b e c a u se  o f  i t s  
s im p l i f y in g  p r o p e r t i e s :
(1 /h )  Jjjo d z  » 1 ; 2 .2 .1 8
( 6 a /6 z ) 0 « ( 6 a / 6 z ) h » 0 ; 2 .2 .1 9
u
(1 /h )  Sq O d z  = c o n s t a n t  » 2 .^9*  2 .2 .2 0
The v e r t i c a l  com ponent o f  t h e  v o r t i c i t y  e q u a t io n  can  
now be i n t e g r a t e d  o v e r th e  v e r t i c a l  t h ic k n e s s  o f  th e  eddy.
( l / h ) / 0h (6Y/6 t)d Z  + ( l / h ) ^ 1 (V. V)  (y + f  )d z  =
( l / h ) / 0h pV2ydz 2 .2 .2 1  
P u t t i n g  V i n t o  t h e  d e f i n i t i o n  o f  t h e  v e r t i c a l  com ponent 
o f  v o r t i c i t y  a llo w s  y t o  be  e x p re s s e d  i n  te rm s  o f  i t s  v e r ­
t i c a l  a v e ra g e ,  y .
y = a y  2 .2 .2 2
22
TABLE 3
OBSERVED AND MODELED SUBSURFACE SPEED VARIATIONS
D epth(m ) O bserved  Speed* (m /sec )
M odel S p eed * *  
(m /se c )
0 1 .4 8 1 .4 8
10 1 .4 8 1 .4 8
20 1 .4 7 1 .4 5
40 1 .4 3 1 .3 8
60 1 .3 1 1 .3 1
80 1 .2 4 1 .2 5
100 1 .2 0 1 .1 9
200 .9 6 .9 3
300 .7 5 .7 3
400 .5 7 .5 7
500 .4 1 .4 5
* D a ta  t a k e n  i n  G u lf  S tream  a x i s  (U. S . N aval O cean . 
O f f i c e ,  1 9 6 8 ) .
** From th e  d e f i n i t i o n  o f  cr(z) w ith  v e r t i c a l l y  a v e ra g e d  
v e l o c i t y  c h o se n  t o  make th e  s u r f a c e  sp e e d  1 .4 8  m /s e c .
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T h is  e x p r e s s io n ,  t o g e t h e r  w i th  V, i s  u se d  in  th e
i n t e g r a t e d  v o r t i c i t y  e q u a t io n  an d  th e  r e s u l t  r e a r r a n g e d ,  
o
(v H i s  th e  h o r i z o n t a l  L a p la e ia n  o p e r a t o r . )
( 6 7 / 6 t ) ( l / h ) J '(J1a d z  + (V .v ) ( l / h ) / 0ha (aV + f )<*z =
( p / h ) v ^ 0ha7 d z  + O / h ) / 0h 62 ( a 7 ) /6 z 2dz 2 .2 .2 3
S in c e  th e  i n t e g r a l  o f  a  d iv id e d  by  h i s  u n i t y ,  t h e  
e q u a t io n  c a n  be  s im p l i f i e d *
6y / 6 t  + (V .v ) ( ( y / h ) J ^ ( c 2+ a f  )d z )  =
pv2y + ( P y / h ) ( ( 6 a / 6 z ) h -  ( 6 a /6 z ) 0 ) 2 .2 .2 ^
The s lo p e  o f  a  i s  z e r o  a t  th e  to p  and  b o tto m  o f  th e  
ed d y , t h e r e f o r e  th e  l a s t  te rm  on th e  r i g h t  i s  z e r o .  S in c e  
f  i s  n o t  a  f u n c t io n  o f  z ,  i t  c a n  be  b ro u g h t th ro u g h  th e  
i n t e g r a l .
6 y / 6 t  + ( V .V ) ( ( 7 /h ) . r 0ha 2d z  + f )  = pv2^  2 .2 .2 5
The i n t e g r a l  o f  a 2 o v e r  f i x e d  l i m i t s  i s  a  c o n s t a n t .
6 y /6 t  + (V .v ) ( 2 .^ 9 y  + f )  = pv^y 2 .2 .2 6
To r e p l a c e  th e  v e r t i c a l l y  a v e ra g e d  v e l o c i t y ,  a  t r a n s p o r t  
f u n c t io n  (m) i s  d e f in e d .
6m /6x = ( V . j ) h ,  6m /6y = -  ( V . i ) h  2 .2 .2 7
U sin g  th e  t r a n s p o r t  f u n c t i o n ,  t h e  v o r t i c i t y  e q u a t io n  i s  
s p l i t  u p .
6 y /6 t  = (6 m /6 y ) ( 6 /6 x ) ( (2 .^ 9 y  + f ) / h )
-  ( 6 m /6 x ) ( 6 /6 y ) ( ( 2 .^ 9 y  + f ) / h )  2 . 2 .2 8
When " ja c "  i s  u se d  t o  r e p r e s e n t  t h e  J a c o b ia n  o p e r a to r ,  th e  
f i n a l  p r e d i c t i o n  e q u a t io n  i s  o b ta in e d .
6 y /6 t  = j a c ( ( 2 .^ 9 y  + f ) / h ;m )  + PV^y 2 .2 .2 9
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NUMERICAL BASIS
G r i d : The p r e d i c t i o n  e q u a t io n  and  i n i t i a l  v o r t i c i t y  
f i e l d  fo rm  a n  i n i t i a l - v a l u e  p ro b lem . To s o lv e  t h i s  p ro b lem  
by f i n i t e - d i f f e r e n c e  m e th o d s, th e  v a r i a b l e s  m u st be e x p re s s e d  
a t  p o i n t s  on a  g r i d .  The g r i d  i n t e r v a l  ( d i s t a n c e  b e tw ee n  
a d ja c e n t  g r i d  p o i n t s )  n e ed  n o t  be s m a l le r  th a n  th e  p o s i t i o n ­
a l  a c c u ra c y  o f  eddy s t r u c t u r e  d a t a .  S in c e  m ost o b s e r v a t io n s  
o f  e d d ie s  a r e  o n ly  w i th in  t  10 t o  t  15 km*, a n  i s o t r o p i c
g r i d  w ith  a n  i n t e r v a l  o f  22 km was s e l e c t e d .
A n o th e r  g r i d  c o n s i d e r a t i o n  i s  t h a t  th e  a r e a  c o v e re d  
s h o u ld  be  s u f f i c i e n t  t o  p re v e n t  b o u n d a r ie s  from  i n f lu e n c i n g  
e d d ie s .  The minimum b u f f e r  zone t o  be  r e t a i n e d  b e tw een  
b o u n d a r ie s  an d  e d d ie s  c a n  be e s t im a te d .  Two g r i d  p o i n t s  a t  
th e  ed g es  o f  th e  g r i d  a r e  r e q u i r e d  t o  e s t a b l i s h  a  r i g i d ,  no ­
s l i p  b o u n d a ry . The in f lu e n c e  o f  t h i s  b o u n d a ry  p r o p a g a te s  
in w ard  a s  a  b o u n d ary  l a y e r  (B a tc h e lo r ,  1 9 6 7 )#
v * /v  = e r f  ( b / /  4 £ tT ) 2 .3 .1
v* = sp e e d  i n s i d e  l a y e r  e r f  = e r r o r  f u n c t i o n
v = sp e e d  o u t s id e  l a y e r  b  = t h i c k n e s s  o f  l a y e r
I f  th e  o u t e r  l i m i t  o f  t h e  boundary  l a y e r  i s  d e f in e d  a s  th e  
d i s t a n c e  a t  w h ich  v* * «99v, th e n  th e  l a y e r  i s  2 g r i d  i n t e r ­
v a l s  t h i c k  i n  a  1 0 -d a y  p r e d i c t i o n .  S i m i l a r l y ,  a  b o u n d ary  
l a y e r  2 g r i d  i n t e r v a l s  t h i c k  a l s o  fo rm s a ro u n d  th e  e d d y . To 
keep  t h e s e  l a y e r s  s e p a r a t e d ,  th e  g r i d  a r e a  s h o u ld  be a d ­
* P o s i t i o n s  a c c u r a c ie s  a r e  n o t  b e t t e r  b e c a u s e  t h e  o b s e rv a ­
t i o n s  a r e  f a r  from  la n d  and  ra n g e  from  3 0 - y e a r - o ld  s h ip
d a t a  t o  p r e s e n t  s a t e l l i t e  p i c t u r e s .
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j u s t e d  so  t h a t  th e  m ain  e d d y , a s  w e ll  a s  any  g e n e ra te d  
e d d ie s ,  s t a y s  s i x  (tw o f o r  t h e  b o u n d a ry , two f o r  boundary  
l a y e r ,  two f o r  eddy b o u n d a ry  l a y e r )  g r i d  i n t e r v a l s  away 
from  th e  e d g e s . F o r th e  1 0 -d a y  p r e d i c t i o n ,  2 ,0 0 0  g r id  p o i n t s  
c o u ld  be p ro c e s s e d  w i th  a v a i l a b l e  co m p u te r tim e  and  s t o r a g e .
F o r  each  p r e d i c t i o n ,  a  p r e l im in a r y  ru n  was u se d  to  a r r a n g e  
g r i d  p o in ts  i n  o rd e r  to  a v o id  b o u n d ary  i n f lu e n c e s .
Time S te p : C o m p u ta tio n a l s t a b i l i t y  l i m i t s  th e  fo rw a rd  
p r e d i c t i o n  o f  each  g r i d  v a lu e .  T h is  p r e d i c t i o n  t im e , c a l l e d  
th e  tim e  s t e p  ( s ) ,  m ust s a t i s f y  th e  c o n d i t i o n :
0 < ( v ‘ s / n ) 2 < 1 * 2 .3 .2
v* = maximum wave sp e e d  n  = g r i d  i n t e r v a l
S in c e  th e  flo w  was assum ed  t o  be  in c o m p re s s ib le  in  
o r d e r  t o  e l im in a te  sound  w aves an d  h o r i z o n t a l  t o  e l im in a te  
g r a v i t y  w aves, B ossby w aves a r e  th e  f a s t e s t - p r o p a g a t i n g  ty p e  
re m a in in g . T h e ir  maximum sp e e d  i s  th e  sp eed  o f  th e  f l u i d .
F o r exam p le , w ith  a  22 km g r i d  (n= 22x1 (Pm) and  a  flo w  sp eed  
o f  1 .1  m /sec  ( v '= l . l  m /s e c ) ,  th e  s t a b i l i t y  c r i t e r i o n  r e q u i r e s
ij,
a  tim e  s t e p  o f  l e s s  th a n  2 x 10 se c o n d s  o r  5*6 h o u rs .  A f t e r  
some t e s t  r u n s ,  a  ^ .8 - h o u r  s t e p  (1 /5  day ) was c h o se n .
F ln l t e - D l f f e r e n o e  O p e r a t o r s : To c o n v e r t  th e  p r e d i c t i o n  
e q u a t io n  to  f i n i t e - d i f f e r e n c e  fo rm , th e  tim e  d e r i v a t i v e ,
J a c o b i a n ( j a c ) , and L a p la c ia n (V y )  a r e  r e p la c e d  by f i n i t e -  
d i f f e r e n c e  o p e r a t o r s .  F o r  c h o o s in g  o p e r a to r s  s u i t a b l e  f o r
* F o r th e  n o n l in e a r  sy s te m  r e p r e s e n te d  by e q u a t io n  2 . 2 .1 ,  
c o m p u ta t io n a l  s t a b i l i t y  th e o r y  i s  in c o m p le te .  C o n d itio n  
2 . 3 . 2 ,  o b ta in e d  by l i n e a r i z i n g  th e  s y s te m , c o n s t i t u t e s  a  
n e c e s s a r y ,  b u t n o t  s u f f i c i e n t ,  c o n d i t i o n  (R o b e rt  e t  a l . ,
1 9 7 0 ) .
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t h i s  ty p e  o f  p ro b le m , re v ie w s  by L i l l y  (1965 ) and  S undstrom  
(1969) w ere  u s e d .  A 9 - p o in t  J a c o b ia n  d e v is e d  by Arakaw a 
(1966) c o n s e rv e s  v o r t i c i t y ,  v o r t i c i t y  s q u a r e d ,  an d  k i n e t i c  
e n e rg y . L i l l y ' s  (1965) I n v e s t i g a t i o n s  u s in g  F o u r ie r  s p e c t r a l  
a n a l y s i s  o f  th e  s tre a m  f u n c t io n  showed t h a t  t h i s  J a c o b ia n  
e l im in a te d  o r  g r e a t l y  re d u c e d  a l l  te n d e n c y  to w a rd  com puta­
t i o n a l  i n s t a b i l i t y .  T hese  r e s u l t s  w ere  c o n firm e d  by Sund­
s tro m  (1 9 6 9 ) .  S undstrom  (1 9 6 9 ) a l s o  d i s c u s s e d  a  9 - p o in t  
L a p la c ia n  t h a t  M iyakoda ( i 960 ) had d e s ig n e d  t o  have  minimum 
t r u n c a t i o n  an d  p h a se  sp eed  e r r o r .  E ig h t  t im e - s t e p  m ethods 
(b o th  o n e - s t e p  and  m u l t i - s t e p *  and b o th  i m p l i c i t  and  ex­
p l i c i t * *  ty p e s )  w ere com pared by L i l l y  (1965 ) to  a n a l y t i c  
s o l u t io n s  f o r  r e l a t i v e  s t a b i l i t y  a n d  a c c u ra c y .  From h i s  
recom mended m u l t i - s t e p  m e th o d s , th e  A d am s-B ash fo rth  ex ­
p l i c i t  schem e a p p e a re d  s im p le s t  to  p rog ram  a n d  was t h e r e ­
f o r e  c h o s e n . A lg o r ith m s  f o r  a l l  t h r e e  o p e r a to r s  a r e  g iv e n  
i n  th e  a p p e n d ix e s .
E r r o r s :  T h ree  k in d s  o f  e r r o r s  o c c u r :  a l i a s i n g ,  t r u n c a ­
t i o n ,  and  r o u n d - o f f .  A l i a s in g  a r i s e s  when w a v e le n g th s  
s h o r t e r  t h a n  a  few g r i d  i n t e r v a l s  o c c u r  i n  t h e  m o d e l. T h e ir  
e n e rg y  a p p e a r s  t o  be l o s t  b u t  a c t u a l l y  r e c u r s  a t  lo n g e r  
w a v e le n g th s . S h o r t  w a v e le n g th s  w ere  a v o id e d  i n  t h e  m odel 
by f i l t e r i n g  th e  i n i t i a l  f i e l d  and by c o n t i n u a l  sm o o th in g  
( i m p l i c i t  i n  t h e  f i n i t e - d i f f e r e n c e  o p e r a to r s  and v is c o u s
te rm s)  a t  e a c h  tim e  s t e p .__________________________________________
* M u l t i - s t e p  m ethods r e q u i r e  know ledge o f  a t  l e a s t  two 
p re v io u s  v a lu e s  o f  a  v a r i a b l e  b e f o r e  a  new v a lu e  c an  be 
c a l c u l a t e d .
** I m p l i c i t  m ethods in v o lv e  i n d i r e c t  c a l c u l a t i o n  o f  th e  
new v a lu e ,  o f t e n  by i t e r a t i o n .  E x p l i c i t  m ethods c a l c u l a t e  
t h e  new v a lu e  d i r e c t l y .
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T ru n c a t io n  e r r o r s  o c c u r  when d e r i v a t i v e s  a r e  a p p ro x i ­
m ated by d i f f e r e n c e s  m easu red  a t  d i s c r e t e  i n t e r v a l s .  The 
e r r o r  i s  e q u iv a le n t  t o  n e g le c t i n g  h ig h e r - o r d e r  te rm s  i n  a  
T a y lo r  s e r i e s  e x p a n s io n .*  T h ese  e r r o r s  w ere m in im ized  by 
th e  c h o ic e  o f  f i n i t e - d i f f e r e n c e  o p e r a t o r s .  The o p e r a to r s  
u se d  p ro v id e d  s p a c e - t r u n c a t i o n  an d  t im e - t r u n c a t io n  e r r o r s  
o f  t h i r d  o r d e r .  L i l l y ' s  (1965) r e s u l t s  i n d i c a t e  t h a t  t h e s e  
e r r o r s  a r e  n e g l i g i b l e  ( l e s s  th a n  one p e rc e n t  i n c r e a s e  i n  
a v e ra g e  k i n e t i c  e n e rg y  i n  100 t im e - s t e p s )  f o r  t h e  p u rp o se s  
o f  t h i s  m odel.
R o u n d -o ff e r r o r s  o c c u r  b e c a u se  o f  th e  l im i t e d  num ber o f  
d i g i t s  u se d  i n  th e  c a l c u l a t i o n s .  R educing  th e s e  e r r o r s  by 
u s in g  more d i g i t s  c a u s e s  th e  c o m p u ta tio n  tim e  t o  i n c r e a s e .* *
Owing to  t h e i r  ra n d o m n e ss , h o w ev er, r o u n d -o f f  e r r o r s  a r e  
m in im ized  by th e  i m p l i c i t  sm o o th in g . Once th e  g r i d ,  t im e  
s t e p ,  and f i n i t e - d i f f e r e n c e  o p e r a to r s  w ere s e l e c te d ,  a  
b a la n c e  b e tw een  r o u n d - o f f  e r r o r s  and  co m p u ta tio n  tim e  was 
a c h ie v e d  by r e d u c in g  t h e  num ber o f  d i g i t s  in  th e  c a l c u l a t i o n s  
o f  t e s t  ru n s  u n t i l  o n e -p e r c e n t  v o r t i c i t y  changes a p p e a re d  
a f t e r  100 t im e  s t e p s .
OPERATION OF THE MODEL
S e le c t io n  o f  E ddy : A sc h e m a tic  o f  th e  model i s  show n i n
F ig u re  3 . F i r s t ,  t h e  p r o p e r t i e s  o f  th e  eddy to  be  ru n  w ere
* The a p p a r e n t  way t o  re d u c e  t h e s e  e r r o r s  by r e d u c in g  g r i d  
s i z e  i s  l i m i t e d  by th e  r e q u ir e m e n ts  f o r  c o m p u ta tio n a l 
s t a b i l i t y .
** R o u n d -o ff e r r o r s  a l s o  v a ry  w i th  g r id  s i z e —r e d u c t i o n  o f  
g r id  s i z e  i n c r e a s e s  t h e s e  e r r o r s  (Thompson, 1 9 6 1 ).
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S ch em a tic  o f  M odel
s e l e c t e d .  W hereas a n t l c y c l o n i c  e d d ie s  a r e  p o s s i b l e  a ro u n d  
b o th  h ig h  and  low  p r e s s u r e ,  c y c lo n ic  e d d ie s  a r e  p o s s i b l e  
o n ly  a ro u n d  low  p r e s s u r e .  I n  c y c lo n ic  G u lf  S tre a m  e d d ie s  
t h i s  low  p r e s s u r e  r e s u l t s  from  m eander e n tra p m e n t o f  c o ld  
w a te r  from  n o r t h  o f  t h e  s tr e a m . I n  th e  warm S a rg a s s o  S e a , 
th e  c o ld  w a te r  w i t h in  t h e  eddy p ro v id e s  t h e  d e n s i t y  g r a d i e n t  
and  h en ce  th e  p r e s s u r e  g r a d i e n t  n e c e s s a r y  t o  d r i v e  t h e  e d d y . 
T h is  e n tra p m e n t p r o c e s s  s u g g e s ts  a n  i n i t i a l l y  u n ifo rm  c o re  
w ith  a  p r e s s u r e  g r a d i e n t  no rm al t o  th e  f lo w .
U niform  c o r e ,  c y c lo n ic  e d d ie s  w ith  e i t h e r  c i r c u l a r  o r  
e l l i p t i c a l  sh a p e  c o u ld  be  g e n e ra te d  i n  t h e  m o d e l. T r a n s p o r t  
w i th in  t h e s e  b a s i c  eddy  ty p e s  was o b ta in e d  by f i t t i n g  a  
f u n c t io n  t o  a  s e t  o f  G u lf  S tream  t r a n s p o r t  o b s e r v a t io n s  
(U. S . N av a l O cean , O f f i c e ,  1 9 6 8 ). S in c e  e d d ie s  fo rm  when 
th e  G u lf S tre am  e n c i r c l e s  a  c o r e ,  t h i s  t r a n s p o r t  f u n c t i o n  
seem ed m ore a p p r o p r i a t e  th a n  some o th e r  s i m p l i f i c a t i o n  su c h  
a s  a  R an k in e  v o r t e x .  The r e s u l t i n g  e m p i r ic a l  f u n c t i o n  w as: 
T r a n s p o r t  = ( c o n s t a n t ) ^ * 1*1* /e x p  ( .2 0 2 r )  2 . ^ . 1
r  = r a d i a l  d i s t a n c e  from  c o re  (km)
Maximum t r a n s p o r t  i n  t h e  eddy was c o n t r o l l e d  by s e l e c t i o n  o f  
th e  c o n s t a n t .  The f i n a l  t r a n s p o r t  f i e l d  was sm oothed  to  
e l im in a te  s h o r t  w a v e s .*
E ach eddy was th e n  ch eck ed  f o r  i n e r t i a l  s t a b i l i t y .  An 
eddy I s  s t a b l e  i f  an y  r a d i a l l y  d i s p l a c e d  p a r c e l  i s  d r iv e n  
back  to w a rd  i t s  o r i g i n a l  p o s i t i o n .  An u n s t a b l e  eddy r a p i d l y
* S m ooth ing  o p e r a t o r  w as: m (x ,y ) * m ( x ,y ) + ( l / 8 ) ( m ( x - l ,y )  
+ m (x + l ,y )+ m (x ,y - l)+ m (x ,y + l) -4 m (x ,y ) ) .  T h is  e x p l i c i t  sm ooth­
in g  was a p p l i e d  o n ly  t o  th e  i n i t i a l  t r a n s p o r t  f i e l d .
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d i s i n t e g r a t e s .  S t a b i l i t y  i s  a s s u r e d  i f  t h e  a b s o lu te  v o r t i -  
o i t y  (y + f )  o f th e  eddy i s  ev e ry w h e re  p o s i t i v e  (H ess , 1 9 5 9 ) .
The v a lu e s  o f  y w ere  c a l c u l a t e d  from  th e  I n i t i a l  t r a n s p o r t  
f i e l d  by th e  e q u a t io n :
Y -  vjj(m/h) 2 . ^ . 2
P r e d i c t i o n  P r o c e s s : The g e n e r a te d  t r a n s p o r t  f i e l d  p ro ­
v id e d  d a ta  f o r  c a l c u l a t i o n  o f  th e  r i g h t  s i d e  o f  th e  p r e d i c ­
t i o n  e q u a t io n  ( 2 .2 .2 9 )  a t  e a c h  g r i d  p o i n t .  I n  a d d i t i o n  to  
t h e s e  v a lu e s  o f th e  i n i t i a l  t r a n s p o r t  f i e l d  (m ), v a lu e s  
o f  i n i t i a l  v o r t i c i t y  ( y )  w ere  c a l c u l a t e d  from  e q u a t io n  2 . ^ . 2 .
The l e f t  s i d e  o f  th e  p r e d i c t i o n  e q u a t io n  th e n  gave th e  r a t e  
o f  ch an g e  o f  v o r t i c i t y  a t  e a c h  p o i n t .  T h is  r a t e  o f  change  
was u se d  t o  p r e d i c t  th e  v o r t i c i t y  ^ .8  h o u rs  i n t o  th e  f u t u r e . *
When t h i s  p ro c e s s  was c a r r i e d  o u t  o v e r  th e  e n t i r e  g r i d  a  new 
v o r t i c i t y  f i e l d ,  whose t r a n s p o r t  f i e l d  i s  unknown, was 
o b ta in e d .
The v o r t i c i t y  f i e l d  was n e x t  i n t e g r a t e d  t o  f i n d  th e  
unknown t r a n s p o r t  f i e l d  ( I n t e g r a t e  e q u a t io n  2 . ^ . 2 ) .  To 
sp e e d  th e  i n t e g r a t i o n ,  a  l i n e a r  e x t r a p o l a t i o n  o f  th e  o ld  
t r a n s p o r t  f i e l d  was u se d  a s  a  f i r s t  a p p ro x im a tio n  t o  th e  new 
t r a n s p o r t  f i e l d .  A s e q u e n t i a l  L iebm ann r e l a x a t i o n  p ro c e d u re  
was u se d  t o  c o n v e rg e  t o  t h e  new t r a n s p o r t  f i e l d  (Thompson,
1 9 6 1 ) . C o m p u ta tio n  tim e  an d  num ber o f  o p e r a t io n s  w ere 
m o n ito re d  d u r in g  t h i s  p r o c e d u r e ,  and  th e  o p e r a t io n  s to p p e d  
i f  e i t h e r  ex ceed ed  p r e s c r i b e d  l i m i t s .
* E u l e r 's  o n e - s te p  schem e ( L i l l y ,  1965) had  t o  be  u se d  t o  
o b t a i n  th e  f i r s t  p r e d i c t e d  v a lu e  b e c a u se  two v a lu e s  a r e  
n e ed e d  t o  s t a r t  t h e  tw o - s te p  A d a m s-B a sh fo rth  schem e.
C o n t r o l s : E nergy  and  v o r t i c i t y  c o n t r o l s  w ere  a l s o  
n e c e s s a r y  i n  th e  m o d e l. The i n t e g r a l  o f  k i n e t i c  e n e rg y  
o v e r  t h e  e n t i r e  g r i d  was c a l c u l a t e d  a t  e a c h  t im e  s t e p ;  a n d , 
i f  t h i s  i n t e g r a l  i n c r e a s e d ,  th e  program  s to p p e d .  S i m i l a r l y ,  
t h e  v o r t i c i t y  i n t e g r a l  o f  each  f i e l d  a t  e a c h  s t e p  was m oni­
t o r e d ;  a n d , i f  any  o f  t h e s e  i n t e g r a l s  i n c r e a s e d ,  t h e  p rog ram  
a l s o  s to p p e d .  The e n t i r e  p r e d i c t i o n  program  i s  g iv e n  i n  
A ppend ix  B.
CHAPTER I I I  
EXPERIMENTS AND RESULTS
T h is  c h a p te r  d e s c r ib e s  e x p e r im e n ts  p e rfo rm e d  and 
r e s u l t s  o b ta in e d  by ru n n in g  t h e  m odel w i th  v a r io u s  
i n i t i a l  c o n d i t i o n s .  The f i r s t  r u n  a t t e m p ts  to  
s im u la te  th e  e d d ie s  i n  T a b le  2 an d  t o  d u p l i c a t e  
th e  r e s u l t s  shown i n  F ig u r e s  1 an d  2 .  The second 
s e r i e s  o f  ru n s  i s o l a t e s  th e  e f f e c t  o f  e a c h  a c c e l ­
e r a t i o n .  The f i n a l  ru n s  i n v e s t i g a t e  how f a c t o r s  
su ch  a s  i n i t i a l  sh a p e , a t t i t u d e ,  a s y m m e tr ie s , o r 
a n o th e r  eddy a l t e r  p r e d i c t i o n s .
TEST RUN
I n i t i a l  F lo w : The t e s t  r u n  o f  th e  m odel u se d  a  c y c lo n ic ,  
e l l i p t i c a l  eddy c e n te r e d  a t  3 7 .5 °  n o r t h  l a t i t u d e .  The n o r t h -  
s o u th  e x te n t  was ro u g h ly  2^-0 km an d  t h e  e a s t - w e s t  e x te n t  
was ro u g h ly  110 km ( e c c e n t r i c i t y  = . 8 9 ) .  S i z e ,  sh ap e , and  
l o c a t i o n  w ere s e l e c t e d  t o  t y p i f y  c y c lo n ic  e d d ie s  l i s t e d  i n  
T a b le  2 and F ig u re s  1 an d  2 . The t r a n s p o r t  f u n c t io n  (eq u a­
t i o n  2 .^ .1 )  and  v e lo c i t y  p r o f i l e  f u n c t i o n  ( 2 .2 .1 5 )  were 
u se d  f o r  th e  i n t e r n a l  s t r u c t u r e  o f  t h e  e d d y . A t maximum 
t r a n s p o r t ,  th e  v e r t i c a l l y  a v e ra g e d  sp e ed  ( t o  2 km) was 
.3  m /s e c , th e  s u r f a c e  sp eed  was 1 .5  m /s e c ,  an d  th e  v e r t i c a l  
v e l o c i t y  p r o f i l e  was s i m i l a r  t o  t h e  o b s e r v a t io n  in  T ab le  3 .  
K in e t i c  e n e rg y  o f  th e  eddy was 9*9 x 1 0 ^  j o u l e s .  F ig u re  ^
shows t h r e e  c o n to u rs  o f  v e r t i c a l l y  a v e ra g e d  v e lo c i ty *
* i n i t i a l  c o n to u r  s p a c in g  was c h o se n  t o  show a p p ro x im a te ly  
.2 5  m /sec  change  in  v e r t i c a l l y  a v e ra g e d  sp e e d  betw een  
c o n to u r s .
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s e l e c t e d  to  show th e  s t r o n g e s t  c u r r e n t  r e g io n  o f  th e  eddy , 
and  a  t r i a n g l e  m arks i t s  c e n t e r .
I n e r t i a l  s t a b i l i t y  o f  t h i s  eddy  was v e r i f i e d  by check ­
in g  th e  t o t a l  v o r t i c i t y  f i e l d .  L o c a l  n e g a t iv e  v o r t i c i t y  a t  
th e  o u t s i d e  edge was s m a l l e r  t h a n  th e  p o s i t i v e  C o r io l i s  
c o n t r i b u t i o n ,  so  t h a t  t h e  eddy  was ev ery w h ere  s t a b l e .
I n i t i a l  A c c e le r a t io n : T he m a jo r  a c c e l e r a t i o n s  on th e  
eddy ( p r e s s u r e ,  C o r i o l i s ,  a n d  i n e r t i a )  a r e  n o t  i n i t i a l l y  
b a la n c e d .  The im b alan ce  c a n  b e  s e e n  from  th e  g r a d i e n t -  
c u r r e n t  e q u a t io n  f o r  s t e a d y ,  f r i c t i o n l e s s  f lo w .
v2/o  + fv  = a ( 6p / 6r )  3 . 1 .1
o = r a d iu s  o f  c u r v a t u r e  o f  f lo w  
F o r  a  p a r c e l  a t  a  f ix e d  d i s t a n c e  ( r )  from  th e  c o re  o f  a  
sy m m e tr ic a l  eddy, th e  r i g h t  s i d e  o f  t h e  e q u a t io n  i s  c o n s ta n t .  
Thus f o r  s te a d y  f lo w , t h e  te rm s  on  th e  l e f t  m ust have a  
c o n s t a n t  sum f o r  a l l  p o in t s  a lo n g  a  p a th .  I n  th e  n o r th e r n  
p a r t  o f  th e  eddy, how ever, s p e e d  (v )  i s  c o n s ta n t  (by th e  
i n i t i a l  c o n d i t i o n s ) ,  C o r i o l i s  p a ra m e te r  ( f )  i n c r e a s e s ,  and 
r a d i u s  o f  c u rv a tu r e  (o) d e c r e a s e s .  Hence b o th  te rm s on th e  
l e f t  i n c r e a s e ,  and th e  m a jo r  a c c e l e r a t i o n s  a r e  n o t  b a la n c e d .
The im b a lan ce  i s  shown g r a p h i c a l l y  i n  F ig u r e  5* The 
m a g n itu d e  o f  each  term  i n  t h e  g r a d i e n t - c u r r e n t  e q u a t io n  was 
c a l c u l a t e d  f o r  a  p a th  i n  a  c i r c u l a r  ed d y , t h e  t e s t  eddy, 
and  a n  e lo n g a te d  eddy (m a jo r -m in o r  a x i s  r a t i o  o f  3 : 1 ) .  The 
sums o f  th e  te rm s , shown i n  F ig u r e  5 , i n d i c a t e  th e  n e t  
a c c e l e r a t i o n  a s  a  f u n c t io n  o f  a n g le  from  d u e  e a s t .  These 
a c c e l e r a t i o n s ,  to g e th e r  w i th  f r i c t i o n ,  c a u s e  th e  eddy to
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w est s o u th e a s tn o r the a s t
DIRECTION
F ig u re  5
A c c e l e r a t i o n  Normal t o  S t r e a m lin e s  
f o r  D i f f e r e n t  Shape E d d ie s
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r o t a t e  and t o  ch an g e  sh a p e  and s p e e d .
P r e d i c t i o n s : A f t e r  a  1 -d a y  p r e d i c t i o n ,  th e  m ost o b v io u s  
change  was r o t a t i o n .  The o r i g i n a l  n o r th - s o u th  m a jo r a x i s  
had r o t a t e d  20° c o u n te r c lo c k w is e .  T h is  r o t a t i o n  c o n tin u e d  
f o r  s e v e r a l  more d a y s  w h i le  th e  c o r e  s i z e  g r a d u a l ly  d im in ­
is h e d .
A f te r  5 d a y s  (F ig u r e  6 ) th e  eddy had  r o t a t e d  6 0 ° , and  
o th e r  ch an g es becam e a p p a r e n t .  F i r s t ,  th e  w id th  o f  th e  
eddy was i n c r e a s in g  to  t h e  w e s t .  S eco n d , a  s m a ll  a n t i -  
c y c lo n ic  eddy (m arked w i th  th e  l e t t e r  "A") was fo rm in g  
n o r th  o f  th e  eddy . T h ir d ,  th e  eddy  was d r i f t i n g  n o r th w e s t .
By th e  s e v e n th  day  a n o th e r  a n t i c y e l o n ic  eddy had  fo rm ed  
so u th  o f  th e  m ain ed d y , and  by th e  t e n t h  day (F ig u re  7) th e  
m ajo r a x i s  o f  th e  e l l i p s e  was n e a r l y  e a s t - w e s t .  B o th  a n t i -  
c y c lo n ic  e d d ie s  had  grow n t o  7^-km  d ia m e te r s ,  and  th e  m ain  
eddy had  d r i f t e d  150 km n o r th w e s t  o f  i t s  s t a r t i n g  p o s i t i o n .  
The a v e ra g e  d r i f t  sp e ed  o v e r  10 d a y s  was a p p ro x im a te ly  
.1 7  m /se c . Flow  i n  th e  m ain  eddy had  slow ed  (o n ly  2 co n ­
to u r s  w ere now v i s i b l e ) ,  b u t  th e  g r e a t e s t  d e c r e a s e  o c c u r re d  
i n  th e  w e s te rn  s e c t o r  o f  th e  ed d y .
1*5D u rin g  th e  1 0 -d ay  r u n ,  th e  9*9 x 10 jo u le s  o f  k i n e t i c  
e n e rg y  in  th e  o r i g i n a l  eddy  w ere  r e d i s t r i b u t e d  a s  shown i n  
F ig u r e  8 . A f te r  10 d ay s  52 p e r c e n t  o f  th e  e n e rg y  was s t i l l  
i n  th e  m ain ed d y , 36 p e r c e n t  was i n  th e  p a i r  o f  a n t i c y e l o n i c  
e d d ie s ,  and 12 p e r c e n t  was l o s t  t o  f r i c t i o n .  C r e a t io n  o f  
th e  a n t i c y e l o n ic  e d d ie s  was th e  m a jo r  m echanism  by w h ich  th e  
o r i g i n a l  eddy l o s t  e n e rg y .
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TIME IN DAYS
F ig u re  8
D i s t r i b u t i o n  o f  K in e t i c  E n ergy  i n  T e s t  Run
I n  ru n s  e x c e e d in g  10 d a y s , th e  a n t i c y c l o n ic  e d d ie s  moved 
w i th in  6 g r i d  i n t e r v a l s  o f  th e  b o u n d ary . A lth o u g h  r e s u l t s  
m ust be i n t e r p r e t e d  c a u t i o u s l y ,  th e s e  ru n s  s u g g e s t  t h a t  
r o t a t i o n  and  sh a p e  c h an g e s  d e c re a s e  w ith  t im e .
A greem ent w i th  O b s e r v a t io n s : W hereas th e  p r e d i c t i o n s  
show v e r t i c a l l y  a v e ra g e d  v e lo c i t y  c o n to u r s ,  o b s e r v a t io n s  i n  
F ig u re s  1 ,  2 , an d  9 show zo n es  o f  th e rm a l c o n t r a s t .  T h is  
zone i s  u se d  m a in ly  b e c a u se  i t  i s  th e  e a s i e s t  p r o p e r t y  
o f  e d d ie s  t o  m e a su re . H ence, th e  p r e d i c t i o n s  a n d  o b s e rv a ­
t i o n s  show d i f f e r e n t  eddy p r o p e r t i e s .  H ow ever, v e l o c i t y  d a ta  
a c q u ir e d  d u r in g  t h e  o b s e r v a t io n s  In  F ig u re  1 a n d  r e p o r t e d  
by F u g l i s t e r  and  W o rth in g to n  (1951) v e r i f y  t h a t  th e  t h e r ­
m al zone c o in c id e s  w ith  a  s t r o n g  c u r r e n t  r e g io n  a ro u n d  
th e  eddy . W ith  t h i s  d i f f e r e n c e  in  p r e s e n t a t i o n  i n  m in d , 
g ro s s  c o m p a riso n s  w ere  made betw een  p r e d i c t i o n s  i n  F ig u r e  6 
and 7 and  o b s e r v a t io n s  i n  F ig u re s  1 , 2 , and  9-
The eddy i n  F ig u r e  1 f u l l y  s e p a ra te d  on 17  Ju n e  and  had  
r o t a t e d  i n  5 d a y s  i n  th e  same d i r e c t i o n  and  t o  a b o u t  th e  
same p o s i t i o n  a s  t h e  5 -d ay  p r e d i c t i o n  shown i n  F ig u r e  6 .
The eddy i n  F ig u r e  2 a l s o  r o t a t e d  i n  th e  same d i r e c t i o n  and  
w ith  s i m i l a r  s p e e d . The in c o m p le te  10 M arch o b s e r v a t i o n  in  
F ig u r e  2 s u g g e s t s  a n  e a s t - w e s t  m ajo r a x i s  s i m i l a r  t o  t h a t  
o f  th e  1 0 -d ay  p r e d i c t i o n  i n  F ig u re  7 . By 16 M arch th e  
m a jo r a x i s  i n  th e  F ig u r e  2 eddy r o t a t e d  beyond th e  e a s t -  
w e s t p o s i t i o n .
V e lo c i ty  d a t a  (N ew ton, 1961) w i th in  th e  2 1 -2 2  J u n e  eddy 
i n  F ig u re  1 show weak c u r r e n t s  in  th e  e a s t e r n  s e c t o r  o f  th e
eddy s i m i l a r  to  th e  5 -d a y  p r e d i c t i o n .  The same d a ta  a l s o  
show a  c lo c k w ise  c u r r e n t  i n  t h e  eddy n o r t h  o f  th e  m ain eddy .
O b s e rv a tio n s  shown i n  F ig u r e  9 ( F u g l i s t e r ,  1967a) im ply  
t h a t  e d d ie s  have l i f e t i m e s  o f  s e v e r a l  m o n th s , and t h a t  th e y  
r o t a t e  and c o l la p s e  s lo w ly  d u r in g  t h a t  t im e .*  T hese  d a ta  
seem to  d is a g r e e  w ith  th e  r a p i d  i n i t i a l  changes shown in  
th e  m odel and  in  F ig u re s  1 a n d  2 .  T h e re  a r e  i n d i c a t i o n s ,  
h o w ev er, t h a t  th e s e  r a p id  i n i t i a l  ch an g es  soon  slow  down. 
E nergy  d a ta  from th e  m odel show t h a t  on ce  a n t i c y c lo n ic  
e d d ie s  a r e  fo rm ed, e n e rg y  l o s s e s  from  th e  m ain eddy d e c r e a s e .  
E x t r a p o la t io n  o f such  l o s s e s  i n d i c a t e s  t h a t  a  y e a r  would be 
r e q u i r e d  t o  red u c e  th e  m ain  ed d y  to  1 p e r c e n t  o f  i t s  o r i g -  
i n a l  k i n e t i c  energy  (w ith  a n  eddy  v i s c o s i t y  o f  100 m / s e c ) .  
S i m i l a r l y ,  lo n g e r  ru n s  s u g g e s t  t h a t  r o t a t i o n  and shape  
c h an g e s  a r e  l e s s  r a p id  a f t e r  t h e  f i r s t  week o r  s o .  I n  t im e , 
th e  eddy flo w  p a t t e r n  i s  a p p a r e n t l y  m o d if ie d  to  a c h ie v e  a  
b e t t e r  b a la n c e  o f  a c c e l e r a t i o n s .
I n  summary, co m p ariso n  o f  r o t a t i o n ,  c u r r e n t s ,  a u x i l i a r y  
e d d ie s ,  and l i f e t i m e s ,  s u g g e s t  t h a t  th e  m odel p ro v id e s  a  
r e a s o n a b le  r e p r e s e n ta t i o n  o f  a  c y c lo n ic  G u lf S tream  eddy .**
EFFECT OF INDIVIDUAL ACCELERATIONS
I n e r t i a : To i s o l a t e  t h e  e f f e c t  o f  e ac h  a c c e l e r a t i o n ,  th e
p rog ram  was r e r u n  w ith  t h a t  p a r t i c u l a r  a c c e l e r a t i o n  e x c lu d e d .
* A ssum ing , o f c o u rs e ,  a s  F u g l i s t e r  d o e s ,  t h a t  th e  same 
two e d d ie s  a r e  shown i n  e a c h  c a s e .
** N e t d r i f t  was n o t com pared  b e c a u se  i t  r e s u l t s  from  b o th  
eddy d r i f t  (g iv e n  by th e  m o d e l)  and  a d v e c t io n  by l o c a l  
c u r r e n t s .
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F ig u re  9 
C y c lo n ic  G u lf S tream  E d d ie s  
S ep tem b er 1965 t o  F e b ru a ry  1966 
( F u g l i s t e r ,  1967 a )
To i s o l a t e  i n e r t i a l  a c c e l e r a t i o n s ,  a  new p r e d i c t i o n  e q u a t io n  
was o b ta in e d  by u s in g  th e  e q u a t io n  o f  m o tio n  w i th  no  i n e r ­
t i a l  te rm s  (rem ove (V.V)V from  e q u a t io n  2 .2 .1 )  an d  fo l lo w in g  
th e  d e r i v a t i o n  o u t l i n e d  in  th e  M ethod S e c t io n .  T h is  p ro c e ­
d u re  l e a d s  t o  t h e  p r e d i c t i o n  e q u a t io n :
6 y /6 t  = j a c ( f /h ;m )  + pvjjy 3 * 2 .1
T h is  e x p r e s s io n  i s  i d e n t i c a l  t o  th e  o r i g i n a l  p r e d i c t i o n  
e q u a t io n  ( e q u a t io n  2 .2 .2 9 )  w i th  th e  c o n s ta n t  2 .^ 9  r e p la c e d  
by z e r o .
An eddy w i th o u t  i n e r t i a l  a c c e l e r a t i o n s  i s  c o n t r o l l e d  by 
p r e s s u r e ,  C o r i o l i s  a c c e l e r a t i o n ,  and  f r i c t i o n .  T h is  ty p e  o f  
low R ossby-num ber f lo w  o c c u rs  n a t u r a l l y  when th e  r a d i u s  o f  
c u r v a tu r e  o f  t r a j e c t o r i e s  i s  so  l a r g e  t h a t  i n e r t i a l  te rm s  
a r e  n e g l i g i b l e .
F ig u r e  10 show s th e  1 0 -d ay  p r e d i c t i o n  w i th o u t  i n e r t i a l  
a c c e l e r a t i o n s .  The o b v io u s  d i f f e r e n c e  be tw een  t h i s  eddy 
and th e  t e s t  ru n  eddy  (F ig u r e  7) i s  t h a t  t h i s  eddy  d id  n o t  
r o t a t e — th e  m a jo r  a x i s  re m a in e d  n o r th - s o u th .  O th e r  d i f f e r ­
e n ce s  in c lu d e  w estw ard  d r i f t  o f  22 km, i n s t e a d  o f  n o r th w e s t  
d r i f t  o f  150 km, and  a n  a n t i c y c l o n ic  eddy t h a t  fo rm ed  e a s t  
o f  th e  m ain  e d d y , i n s t e a d  o f  a n t i c y c l o n ic  e d d ie s  t o  th e  n o r th  
and  s o u th .  W ith o u t i n e r t i a l  a c c e l e r a t i o n s  th e  1 0 -d a y  f lo w  
p a t t e r n  a p p e a re d  t o  be sy m m e tr ic a l a b o u t a  l a t i t u d e  th ro u g h  
th e  o r i g i n a l  c e n t e r  o f  th e  ed d y .
C o r i o l i s : The n e x t  ru n  e l im in a te d  C o r i o l i s  a c c e l e r a t i o n .  
W ith o u t t h i s  a c c e l e r a t i o n ,  o n ly  p r e s s u r e ,  i n e r t i a ,  a n d  f r i c ­
t i o n  o p e r a te  on th e  ed d y . T h is  s i t u a t i o n  o c c u rs  i n  e q u a to -
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r i a l  o r  s m a ll  s c a l e  f lo w s .  The e f f e c t  was a c h ie v e d  i n  th e  
m odel by s e t t i n g  th e  C o r i o l i s  p a ra m e te r  ( f )  e q u a l  to  z e r o .
The r e s u l t i n g  p r e d i c t i o n  e q u a t io n  i s :
6 y /6 t  = j a c  (2 .4 9 y /h ;m ) + p v |7  3 * 2 .2
F ig u r e  11 shows th e  1 0 -d ay  p r e d i c t i o n  w i th o u t  C o r i o l i s  
. a c c e l e r a t i o n .  The m a jo r  d i f f e r e n c e  i s  l a c k  o f  eddy d r i f t ;  
p r e v io u s  p r e d i c t i o n s  w ith  a l l  te rm s and  w i th  n o  i n e r t i a l  
te rm s hav e  b o th  d r i f t e d .  A n o th e r f e a t u r e  i s  t h a t  th e  sh a p e  
and  l o c a t i o n  o f  s t r e a m l in e s  a r e  i d e n t i a l  i n  o p p o s i te  d i r e c ­
t i o n s  from  th e  o r i g i n .  T h is  sym m etry a l s o  e x te n d s  to  th e  
l o c a t i o n  an d  s i z e  o f  g e n e r a te d  a n t i c y c l o n i c  e d d ie s .  A f i n a l  
p e c u l i a r i t y  o f  t h i s  ru n  i s  th e  d i v id i n g  c o r e .  The d i v i s i o n  
began  on th e  1 0 th  day  and  i n d i c a t e s  t h a t  t h e  eddy  m ig h t 
e v e n tu a l ly  s p l i t  i n t o  two e d d ie s  t h a t  a r e  m ore c i r c u l a r .
L onger ru n s  s u g g e s t  t h a t  s p l i t t i n g  d o e s  o c c u r .
F r i c t i o n : F r i c t i o n  was e l im in a te d  by s e t t i n g  th e  eddy 
v i s c o s i t y  (g )  t o  z e r o .  W ith o u t f r i c t i o n ,  p r e s s u r e  i s  b a l ­
an ced  by C o r i o l i s  an d  i n e r t i a l  a c c e l e r a t i o n s ,  and  v o r t i c i t y  
an d  k i n e t i c  e n e rg y  a r e  c o n s e rv e d . T h is  a p p ro x im a t io n ,  
c a l l e d  g r a d i e n t  f lo w , i s  o f t e n  u se d  i n  b ro a d  c u r r e n t  r e g io n s  
w ith  s m a ll  v e l o c i t y  c h a n g e s . The p r e d i c t i o n  e q u a t io n  r e ­
d u c es  t o :
6 y /6 t  = J a c ( (2 .4 9 y  + f ) /h ;m )  3 * 2 .3
F ig u r e  12 shows th e  1 0 -d ay  p r e d i c t i o n  w i th o u t  f r i c ­
t i o n . *  The m ain  eddy  d iv id e d ,  d r i f t e d ,  c h an g e d  s h a p e , and
* A c tu a l ly  t h e  r u n  i s  w ith  minimum o b t a i n a b l e  f r i c t i o n .  
C o m p u ta tio n a l s t a b i l i t y  c o n t r o l s  p ro d u ce  a n  e f f e c t  s i m i l a r  
t o  v i s c o s i t y  by dam ping v e ry  s h o r t  w av es .
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g e n e r a te d  two a n t i c y c l o n i c  e d d ie s .  I n  c o n t r a s t  t o  p re v io u s  
r u n s ,  m ore e n e rg y  o c c u rs  i n  s h o r t e r  w a v e le n g th s .  E nergy  was 
t r a n s f e r r e d  t o  s h o r t e r  w a v e le n g th s  by th e  s p l i t t i n g  o f  th e  
m ain eddy and  by t h e  e n e rg y  t r a n s f e r s  w i th in  t h e  l a r g e s t  eddy .
S in c e  v a lu e s  o f  eddy v i s c o s i t y  a r e  o n ly  a p p ro x im a te d ,
a n o th e r  r u n  was t r i e d  w ith  a n  o rd e r -o f -m a g n i tu d e  l a r g e r  
3 2v i s c o s i t y  (10 m / s e c ) .  The m ajo r d i f f e r e n c e  b e tw ee n  t h i s  
t e s t  and  th e  t e s t  r u n  (F ig u re  12) was t h a t  no a n t i c y c l o n i c  
e d d ie s  fo rm e d . The m ain eddy d r i f t e d  and  r o t a t e d  i n  t h e  same 
m anner, b u t  i t s  s i z e  r a p i d l y  d e c re a s e d . A f t e r  10 d a y s  th e  
h ig h  v i s c o s i t y  eddy was a  sm ooth e l l i p s e ,  h a l f  i t s  o r i g i ­
n a l  s i z e ,  c o n ta in i n g  o n ly  27 p e rc e n t  o f  i t s  o r i g i n a l  e n e rg y .
EFFECT OF INITIAL SHAPE
E c c e n t r i c i t y  ! A l l  of th e  above r e s u l t s  a p p ly  t o  e d d ie s  
w ith  th e  same i n i t i a l  s h a p e ;  how ever, F ig u r e  5 shows t h a t  
i n i t i a l  a c c e l e r a t i o n s  v a ry  w ith  sh a p e . As a  f i r s t  s t e p  
tow ard  s tu d y in g  th e  e f f e c t s  o f  sh a p e , a  c i r c u l a r  eddy  was 
g e n e r a te d  w i th  i n t e r n a l  f lo w  c o n d i t io n s  i d e n t i c a l  t o  th o s e  
o f  th e  t e s t  e d d y .
R o ta t io n  c a n n o t  be d e te c te d  in  a  c i r c u l a r  e d d y . I n  
o th e r  w ays, t h e  1 0 -d a y  p r e d i c t i o n  o f  th e  c i r c u l a r  (F ig u re  
13) a p p e a re d  s i m i l a r  t o  th e  t e s t  e l l i p s e .  The c i r c u l a r  
eddy d r i f t e d  n o r th w e s tw a rd  and w idened i n  i t s  w e s te r n  s e c ­
t o r .  T h ese  c h a n g e s , how ever, w ere n o t  a s  p ro n o u n ce d  a s  
th o s e  t h a t  o c c u r r e d  i n  e l l i p t i c a l  e d d ie s .  The m a jo r  d i f -
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f e r e n c e  betw een  th e  two c a s e s  i s  th e  a b s e n c e  o f  a n t i c y c l o n ic  
e d d ie s  a ro u n d  th e  c i r c u l a r  e d d y . The c i r c u l a r  eddy seems to 
move sm o o th ly  th ro u g h  i t s  e n v iro n m e n t, w h i le  r e t a i n i n g  m ost 
o f  i t s  k i n e t i c  e n e rg y .
When v a r io u s  a c c e l e r a t i o n s  w ere  e l im in a te d  from  th e  
c i r c u l a r  eddy , th e  r e s u l t s  w ere  s i m i l a r  t o  th e  t e s t  e l l i p s e .  
W ith o u t i n e r t i a l  a c c e l e r a t i o n  (F ig u r e  1*0 th e  c i r c u l a r  eddy 
d r i f t e d  due w estw ard  22 km, i n s t e a d  o f  n o r th w e s tw a rd , and 
w idened  i n  i t s  w e s te rn  p o r t i o n .  No a n t i c y c l o n i c  e d d ie s  d e ­
v e lo p e d . W ith o u t C o r i o l i s  a c c e l e r a t i o n ,  t h e  eddy d id  n o t  
ch an g e  sh ap e  o r p o s i t i o n  i n  10 d a y s .  T h e re  was o n ly  a  
s l i g h t  r e d u c t io n  o f  sp e e d  and  s i z e  due  t o  f r i c t i o n .
I n  summary, th e  c i r c u l a r  eddy d r i f t e d  and deform ed m ore 
s lo w ly ,  b u t  th e s e  ch an g es  w ere  i n  t h e  same d i r e c t i o n  and  
m anner a s  th e  e l l i p t i c a l  t e s t  e d d y . W ith o u t i n e r t i a l  and 
C o r i o l i s  a c c e l e r a t i o n ,  t h e  c i r c l e  a l s o  b ehaved  s i m i l a r l y  t o  
th e  e l l i p s e .  The o b v io u s  d i f f e r e n c e  was t h a t  i n  th e  c a s e  
o f  t h e  c i r c l e ,  no  a n t i c y c l o n i c  e d d ie s  fo rm e d .
Runs w ere a l s o  made w i th  a n  eddy m ore e l l i p t i c a l  th a n  
th e  t e s t  eddy . The new eddy  was i d e n t i c a l  t o  th e  t e s t  eddy 
e x c e p t  f o r  a  3 :1  m a jo r-m in o r  a x i s  r a t i o  ( e c c e n t r i c i t y  = . 9 ^ ) .
The 3 :1  eddy s t a r t e d  r o t a t i n g  i n  t h e  same d i r e c t i o n  a s  
th e  t e s t  eddy , b u t  th e  m a jo r  a x i s  b eg an  s t r e t c h i n g  a f t e r  3 
d a y s .  A t h i n  c o n s t r i c t e d  r e g i o n  fo rm ed  i n  th e  m id d le  o f  
th e  eddy a f t e r  5 d a y s ,  an d  t h e  eddy d iv id e d  by th e  s i x t h  d a y . 
The l a r g e r  s e c t i o n  o f  th e  eddy  l a y  n o r th w e s t  o f  th e  s m a l le r  
s e c t i o n .  A f te r  10 d a y s  ( F ig u r e  15) th e  l a r g e r  s e c t io n  had
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w idened  in  i t s  so u th w e s t p o r t i o n ,  and  i t s  flo w  p a t t e r n  was 
s i m i l a r  t o  t h a t  o f  an  o r i g i n a l l y  c i r c u l a r  eddy . An a n t i ­
c y c lo n ic  eddy a l s o  had fo rm ed  a t  th e  o r i g i n a l  e d d y 's  n o r th  
e n d . A lthough  s p l i t t i n g  o f  t h e  m ain  eddy o c c u rre d  fo r  
t h i s  3 :1  e l l i p s e ,  s p l i t t i n g  d id  n o t  o c c u r  f o r  th e  t e s t  e l ­
l i p s e  (« 2 :1 )  o r  f o r  a  c i r c l e  w i th  th e  same i n i t i a l  c u r r e n t  
p a t t e r n s .
A sy m m etries: I n  a d d i t i o n  to  d i f f e r e n t  e c c e n t r i c i t i e s ,  
v a r io u s  a sy m m etrie s  a l s o  o c c u r  i n  e d d ie s .  A lthough  c o n t in ­
u i t y  r e q u i r e s  c o n s ta n t  t r a n s p o r t  a ro u n d  a n  eddy, th e  t r a n s ­
p o r t  r e g io n  can  be n a rro w  in  p la c e s  so  t h a t  h ig h  speed  z o n es  
o c c u r  in  th e s e  p l a c e s .  To s tu d y  t h i s  ty p e  o f  asym m etry , 
f o u r  e d d ie s  w ere g e n e r a te d  w ith  h ig h  s p e e d  zones i n  t h e i r  
n o r t h ,  s o u th ,  e a s t ,  and  w e s t  p o r t i o n ,  r e s p e c t i v e l y .  I n t e r ­
n a l  s t r u c t u r e  and e c c e n t r i c i t y  o f  th e s e  e d d ie s  w ere s i m i l a r  
t o  th e  o r i g i n a l  t e s t  e d d y , e x c e p t  t h a t  v e l o c i t y  c o n to u rs  w ere  
p a ck e d  tw ic e  a s  c lo s e ly  t o g e t h e r  i n  th e  h ig h  speed  z o n e s .
The s i m i l a r i t i e s  i n  p r e d i c t i o n s  from  th e s e  f o u r  asym ­
m e t r i e s  w ere s t r i k i n g .  A l l  f o u r  d r i f t e d  a b o u t th e  same d i s ­
t a n c e  (« 100 km) and in  t h e  same d i r e c t i o n  (n o r th w e s t)  d u r ­
in g  th e  10 -day  p e r io d .  A ls o ,  a l l  t h e s e  e d d ie s  ten d ed  t o ­
ward a  b ro a d , slow  flo w  i n  t h e  w e s t an d  s w i f t ,  narrow  f lo w  
i n  th e  n o r th .  I n  g e n e r a l ,  t h e s e  a s y m m e tr ic a l  e d d ie s  w ere  
s i m i l a r  to  th e  t e s t  eddy i n  t h e i r  b e h a v io r .
D i f f e r e n c e s  betw een  t h e s e  ru n s  o c c u r re d  in  th e  num ber, 
i n t e n s i t y ,  and l o c a t i o n  o f  a n t i c y c l o n i c  e d d ie s .  F o r ex am p le , 
t h e  eddy w ith  th e  n o r t h e r n  c o n s t r i c t i o n  r e t a i n e d  69 p e r c e n t
54
o f  i t s  e n e rg y  by g e n e r a t i n g  o n ly  s m a ll ,  lo w -e n e rg y  a n t i ­
c y c lo n ic  e d d ie s  n o r th  and  s o u th  o f i t s  o r i g i n a l  p o s i t i o n .
The s o u th e r n  c o n s t r i c t i o n  eddy g e n e ra te d  two a n t i c y c l o n i c  
e d d ie s  i n  t h e  same l o c a t i o n ,  b u t  th e y  w ere  l a r g e r  a n d  m ore 
e n e r g e t i c .  The r u n  w i th  th e  w e s te rn  c o n s t r i c t i o n  g e n e r a te d  
one a n t i c y c l o n i c  eddy t o  th e  s o u th ,  b u t t h a t  s i n g l e  eddy 
c a r r i e d  m ore e n e rg y  th a n  any  o f  th e  above p a i r s .  F i n a l l y ,  
t h e  e a s t e r n  c o n s t r i c t i o n  r u n  g e n e ra te d  one eddy t o  t h e  
n o r t h ,  b u t  t h i s  eddy c o n ta in e d  more e n e rg y  th a n  a l l  th e  
o th e r  c a s e s ,  l e a v in g  th e  m ain eddy o n ly  44  p e r c e n t  o f  th e  
t o t a l  e n e r g y .
OTHEB EFFECTS
I n i t i a l  O r i e n t a t i o n : A ll  o f  th e  above  p r e d i c t i o n s  a p p ly  
t o  e d d ie s  t h a t  o r i g i n a l l y  form ed w ith  t h e i r  m a jo r  a x i s  
o r i e n t e d  n o r t h - s o u t h .  To s tu d y  th e  im p o rta n c e  o f  t h i s  f a c ­
t o r ,  t h e  t e s t  eddy was r e r u n  w ith  i t s  m a jo r  a x i s  o r i e n t e d  
e a s t - w e s t .  The 1 0 -d a y  p r e d i c t i o n  showed s i m i l a r i t i e s  t o  th e  
o r i g i n a l  c a s e .  The eddy r o t a t e d  in  th e  same d i r e c t i o n  a t  
a b o u t t h e  sam e r a t e  (9 0 °  i n  10 d a y s ) ,  an d  w idened  i n  th e  
w e s t .  T h e re  w ere a l s o  d i f f e r e n c e s :  o n ly  one a n t i c y c l o n i c
eddy fo rm ed  i n  t h e  1 0 -d ay  p e r io d ,  and t h e  m ain  eddy  d r i f t e d  
v e ry  l i t t l e  (»  22 km w e s t i n s t e a d  o f  150 km n o r th w e s t  f o r  
n o r t h - s o u t h  m a jo r  a x i s ) .
P a i r s  o f  E d d ie s : The f i n a l  ru n s  d e a l t  w i th  s h o r t - t e r m  
e f f e c t s  o f  a  se co n d  ed d y . T hese  ru n s  w ere  s u g g e s te d  by 
F u g l i s t e r ' s  (1967a) o b s e r v a t io n s  shown i n  F ig u r e  9- Q u es-
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t i o n s  o f  i n t e r e s t  w e re : would th e  e d d ie s  j o in * ,  how w ould
th e y  in f lu e n c e  each  o t h e r ,  and how w ould  th e  i n f lu e n c e  v a ry  
w i th  i n i t i a l  s e p a r a t i o n .
T h ree  ru n s  o f  10 d a y s  each w ere  made w i th  p a i r s  o f  
1 5 0 -k m -d ia m e te r  c i r c u l a r  e d d ie s .  T he i n t e r n a l  c u r r e n t  
s t r u c t u r e  was i d e n t i c a l  t o  t h a t  o f  t h e  t e s t  ed d y . The f i r s t  
r u n  was w ith  an  i n i t i a l  2 -d ia m e te r  s p a c in g  b e tw ee n  eddy 
c e n t e r s ,  t h e  second  w i th  l§ - d la m e te r  s p a c in g ,  and  th e  t h i r d  
w i th  1 -d ia m e te r  s p a c in g .
The f i r s t  ru n  a t  2 d ia m e te rs  i n d i c a t e d  l i t t l e  in f lu e n c e  
b e tw ee n  e d d ie s .  B o th  d r i f t e d  n o r th w e s tw a rd  l i k e  th e  s i n g l e  
c i r c u l a r  eddy i n  F ig u re  1 3 , bu t th e  e a s t e r n  eddy became 
s l i g h t l y  w e a k e r. F o r  th e  l f - d ia m e t e r  c a s e ,  i n t e r a c t i o n s  
a p p e a re d .  The w e s te rn  eddy a g a in  d r i f t e d  n o r th w e s tw a rd , b u t 
t h e  e a s t e r n  eddy d r i f t e d  n o rth w a rd . The e a s t e r n  eddy w eaken­
ed  c o n s id e r a b ly  and i t s  energy  a p p a r e n t ly  w en t i n t o  fo rm in g  
a n  a n t i c y c l o n ic  eddy o f f  i t s  s o u th e rn  s e c t i o n .  A t 1 -d ia m e te r  
s p a c in g ,  th e  w e s te rn  eddy moved n o r th w e s tw a rd ,  th e  e a s t e r n  
eddy  moved n o r th e a s tw a rd ,  and t h e i r  s p a c in g  in c r e a s e d  t o  1§ 
d ia m e te r s  a f t e r  10 d a y s .  A la rg e  a n t i c y c l o n i c  eddy form ed 
s o u th e a s t  o f  th e  p a i r  and  d ra in e d  m o st o f  th e  e a s t e r n  e d d y 's  
e n e rg y .
I n  summary, e d d ie s  te n d e d  to  r e p e l  when c lo s e  t o  one 
a n o th e r .  A t 2 d ia m e te r s  th e  in f lu e n c e  was s u f f i c i e n t l y  
s m a l l  so  t h a t  th e  e d d ie s  ten d ed  to  k e e p  a b o u t  th e  same
* The e d d ie s  i n  F ig u r e  9 ap p ea r t o  j o i n  on 2 7 -2 9  O c to b e r 
a n d  th e n  t o  s e p a r a t e .
s p a c in g .  The in f lu e n c e  in c r e a s e d  a s  th e  s e p a r a t io n  de­
c r e a s e d ,  and i t  to o k  two fo rm s . F i r s t ,  th e  e d d ie s  te n d e d  
to  move a p a r t  i f  th e y  w ere  c l o s e r  t o g e t h e r  th a n  2 d ia m e te r s .  
S econd , th e  e a s t e r n  eddy l o s t  e n e rg y  by fo rm in g  an  a n t i ­
c y c lo n ic  eddy .
CHAPTER IV 
DISCUSSION OF RESULTS
T h is  c h a p te r  sum m arizes th e  r e s u l t s  o f  th e  p r e ­
v io u s  c h a p te r  and  d raw s c o n c lu s io n s  from  them .
S p e c i f i c  e f f e c t s  o f  a c c e l e r a t i o n s  a r e  d e d u c e d , 
and th e  c o n t r o l l i n g  f a c t o r s  o f  eddy l i f e t i m e s  
and m o tio n s  a r e  e x t r a c t e d .  The in f lu e n c e s  o f  
v a r io u s  i n i t i a l  c o n d i t i o n s  a l s o  a r e  i n f e r r e d .
The f i n a l  s e c t i o n  d i s c u s s e s  th e  l i m i t s  o f  t h i s  
i n v e s t i g a t i o n .  D i s t i n c t i v e  f in d in g s  a r e  m arked 
w i th  a
ACCELERATIONS
T a b le  ^  sum m arizes th e  r e s u l t s  o f  th e  t e s t  eddy r u n s .  
A c c e le r a t io n s  p r e s e n t  and  r e a c t i o n s  o b se rv ed  a r e  r e p r e s e n te d  
by "y es"  o r  "no" f o r  e ac h  r u n .  C e r ta in  c o rre s p o n d e n c e s  b e ­
tw een  a c c e l e r a t i o n s  and  r e a c t i o n s  a r e  e v id e n t .
►  R o ta t io n  o f  th e  eddy i s  r e l a t e d  to  i n e r t i a l  a c c e l e r ­
a t i o n .  The p a t t e r n  u n d e r  th e  " I n e r t i a l "  colum n m atch e s  t h a t  
u n d e r  th e  " r o t a t e d "  co lum n. Runs I n c lu d in g  i n e r t i a l  a c c e l e r ­
a t i o n s  r o t a t e ;  ru n s  e x c lu d in g  i n e r t i a l  a c c e l e r a t i o n s  do  n o t  
r o t a t e .  T h is  r o t a t i o n  o f  a n  e l l i p t i c a l  eddy a p p a r e n t ly  
stem s from  s t r o n g  i n e r t i a l  a c c e l e r a t i o n s  a t  ap o g ee  an d  weak 
i n e r t i a l  a c c e l e r a t i o n s  a t  p e r i g e e .  T h is  c o m b in a tio n  p ro d u c e s  
a  l a r g e r  c u r v a tu r e  o f  o r b i t s  n e a r  apogee  and  a  s m a l l e r  c u rv a ­
t u r e  n e a r  p e r i g e e .  The n e t  e f f e c t  i s  c y c lo n ic  r o t a t i o n  o f  
a  c y c lo n ic  e d d y . S p e c ia l  t e s t  ru n s  s u g g e s t  t h a t  s t r o n g e r  
o v e r a l l  i n e r t i a l  a c c e l e r a t i o n  ( h ig h e r  flo w  sp e e d s  o r  s m a l le r
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r a d i i  o f  c u r v a tu r e )  p ro d u c e  f a s t e r  r o t a t i o n .
►  F r i c t i o n  h e lp s  t o  m a in ta in  t h e  ed d y . The " s ta y e d  
to g e th e r "  colum n m atch es th e  " f r i c t i o n "  co lum n. A ls o , ru n s  
w ith  a  h ig h e r  eddy v i s c o s i t y  (10^ m2/ s e c )  c o n f irm  t h a t  th e  
g r e a t e r  th e  v i s c o s i t y ,  th e  l e s s  t h e  te n d e n c y  f o r  eddy d i s ­
i n t e g r a t i o n .  S in c e  b re a k u p  c o r re s p o n d s  t o  s h o r t-w a v e  g e n e r­
a t i o n  and  h ig h  v i s c o s i t y  s u p p r e s s e s  s h o r t  w av es , t h i s  r e s u l t  
seem s r e a s o n a b le .  The r e l a t i o n s h i p  m ig h t a l s o  b e  u s e f u l  in  
o b ta in in g  b e t t e r  e s t im a te s  o f  eddy v i s c o s i t y  by o b s e rv in g  
eddy b re a k u p s .
►  W estw ard d r i f t  i s  r e l a t e d  t o  C o r i o l i s  a c c e l e r a t i o n .
T h is  a g re e s  w ith  W arren*s (1967) a n a l y t i c a l  r e s u l t s .  S tro n g ­
e r  C o r i o l i s  a c c e l e r a t i o n  i n  n o r t h e r n  l a t i t u d e s  te n d s  t o  in ­
c r e a s e  th e  r a d iu s  o f  c u r v a tu r e  o f  a  p a r c e l .  I n  s o u th e rn  
l a t i t u d e s ,  w eaker C o r i o l i s  a c c e l e r a t i o n  te n d s  t o  d e c r e a s e  
c u r v a t u r e .  H ence, o r b i t s  do n o t  c lo s e  and  w estw ard  d r i f t  
o c c u r s .  I f  a  w e s te rn  b o u n d ary  w ere  p r e s e n t ,  t h i s  d r i f t  
w ould r e s u l t  i n  w estw ard  i n t e n s i f i c a t i o n  i n  t h e  ed d y .
S in c e  C o r i o l i s  a c c e l e r a t i o n  c o n t in u o u s ly  in c r e a s e s  
n o r th w a rd , a sy m m e trie s  a r e  p ro d u c e d  by t h i s  a c c e l e r a t i o n  in  
th e  m ain eddy and i n  a n t i c y c l o n i c  e d d ie s .  The e v id e n c e  f o r  
t h i s  s tem s from  th e  p e r f e c t  sym m etry a b o u t t h e  o r i g i n  o f  
ru n s  w ith o u t  C o r i o l i s  a c c e l e r a t i o n .  Such  ru n s  a l s o  show 
t h a t  i n e r t i a l  a c c e l e r a t i o n s  i n  t h e  a b s e n c e  o f  C o r i o l i s  
a c c e l e r a t i o n  a c t  w i th o u t  r e s t r a i n t  t o  s t r e t c h  t h e  m a jo r  a x is  
o f  th e  eddy .
►  N orthw ard  d r i f t  i s  r e l a t e d  t o  i n e r t i a l  and  C o r io l i s
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a c c e l e r a t i o n s .  The c o m b in a t io n  o f  a c c e l e r a t i o n s  y i e ld in g  th e  
" d r i f t e d  n o r th "  p a t t e r n  i s  t h e  "and" ( c o n ju n c t io n )  com bina­
t i o n  o f  i n e r t i a l  an d  C o r i o l i s  a c c e l e r a t i o n s .  I f  b o th  a r e  
p r e s e n t ,  th e  eddy d r i f t s  n o r th w a rd ;  i f  e i t h e r  i s  m is s in g , 
th e  eddy do es n o t  d r i f t  n o r th w a rd .  C o r i o l i s  a c c e l e r a t i o n  
a p p a r e n t ly  m o d if ie s  th e  f lo w  so  t h a t  i n e r t i a l  a c c e l e r a t i o n s  
c a n  p ro d u ce  n o rth w a rd  d r i f t .  T h is  may o c c u r  a s  fo l lo w s :
C o r i o l i s  a c c e l e r a t i o n  p ro d u c e s  a  w estw ard  d r i f t ,  b u t  th e  
d r i f t  i s  n o t  u n ifo rm  f o r  a l l  o r b i t s .  P a r c e l s  f a r  from  th e  
c o re  t r a v e r s e  l a r g e  o r b i t s  w here  v a r i a t i o n s  i n  C o r io l i s  
a c c e l e r a t i o n  a r e  l a r g e .  H ence , o u te r  o r b i t s  te n d  to  m ig ra te  
f a r t h e r  th a n  in n e r  o r b i t s .  T h is  d i f f e r e n t i a l  m ig ra t io n  com­
p a c t s  t r a n s p o r t  l i n e s  i n  th e  e a s t e r n  p a r t  o f  th e  eddy . The 
h ig h e r  sp e ed s  i n  t h i s  r e g i o n  r e s u l t ,  i n  t u r n ,  i n  d i f f e r ­
e n t i a l  i n e r t i a l  a c c e l e r a t i o n s  a c r o s s  t h e  ed d y . T h is  i n e r ­
t i a l  im b a lan ce  i s  now a n a lo g o u s ,  i n  th e  e a s t - w e s t  d i r e c t i o n ,  
t o  th e  C o r io l i s  im b a la n c e  i n  t h e  n o r th - s o u th  d i r e c t i o n .
S t ro n g e r  i n e r t i a l  a c c e l e r a t i o n s  i n  th e  e a s t  p u l l  p a r c e l s  i n to  
l a r g e r  o r b i t s  t h e r e .  The n e t  e f f e c t  o f  th e  c o m b in a tio n  o f 
C o r i o l i s  and  i n e r t i a l  a c c e l e r a t i o n s  i s  n o r th w e s t  d r i f t .
LIFETIMES
The m ain eddy d i s s i p a t e s  i t s  e n e rg y  by v i s c o s i t y ,  by 
g e n e r a t in g  a n t i c y c l o n ic  e d d ie s ,  and  by s lo u g h in g  s m a lle r  
e d d ie s .  The im p o rta n c e  o f  t h e s e  m echanism s f o r  en e rg y  lo s s  
v a r i e s  w ith  m a jo r-m in o r a x i s  r a t i o .  T a b le  5 r e l a t e s  th e s e  
m echanism s to  m a jo r-m in o r  a x i s  r a t i o  and  show s:
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TABLE 5
MECHANISMS FOR ENERGY LOSS FROM MAIN EDDY
M echanism
p a r t  o f  eddy 
b r e a k s  
o f f
form s
a n t i c y c l o n ic
e d d ie s
v is c o u s
d i s s i p a t i o n
1 :1  ( c i r c l e ) no no y es
2 :1  ( t e s t
eddy)
no y es yes
3 :1  (e lo n g a ­
te d  eddy)
....................
y e s y es y es
►  C i r c u l a r  e d d ie s  have th e  lo n g e s t  l i f e t i m e s .  V isc o u s  
d i s s i p a t i o n  i s  t h e i r  o n ly  l o s s .  They s t a y  i n  one  p ie c e  
d u r in g  th e  1 0 -d a y  p r e d i c t i o n  and  form  no  a n t i c y c l o n i c  e d d ie s .
►  E d d ie s  w i th  2 :1  a x i s  r a t i o s  h av e  s h o r t e r  l i v e s  th a n  
c i r c u l a r  o n e s . T hese  e d d ie s  d i s s i p a t e  e n e rg y  th ro u g h  v i s ­
c o s i t y  an d  spaw ned a n t i c y c l o n ic  e d d ie s .  The d o m in a n t r o l e  
o f  a n t i c y c l o n i c  e d d ie s  was shown in  F ig u r e  8 .
A n t ic y c lo n ic  e d d ie s  a r e  p ro d u ced  i n  th e  wake o f  th e  
o r i g i n a l  ed d y . S t a r t i n g  w ith  a  g iv e n  v o r t i c i t y  f i e l d ,  
th e  c y c lo n ic  r o t a t i o n a l  a c c e l e r a t i o n  o f  th e  eddy i n j e c t s  
a d d i t i o n a l  p o s i t i v e  v o r t i c i t y .  To c o u n te r a c t  t h i s  a d d i t i o n ,  
a n t i c y c l o n ic  e d d ie s  a r e  spaw ned. T hese e d d ie s  grow  i n  an  
a t te m p t  t o  m a in ta in  v o r t i c i t y  b a la n c e .  T h e ir  g ro w th  r a t e ,  
ho w ev er, d e p en d s  on v i s c o s i t y .  S in c e  v is c o u s  d r a g  c o n s t a n t ly  
re d u c e s  t o t a l  v o r t i c i t y ,  a n t i c y c l o n ic  e d d ie s  o n ly  c o u n te r ­
b a la n c e  v o r t i c i t y  ch an g es i n  e x c e s s  o f  v is c o u s  l o s s e s .  T hus,
3 2in  h ig h  v i s c o s i t y  ru n s  (10 m / s e c ) ,  v is c o u s  v o r t i c i t y  l o s s e s  
a r e  so  g r e a t  t h a t  a n t i c y c l o n ic  e d d ie s  a r e  n o t  n e c e s s a r y  f o r  
b a la n c e ,  and  n o n e  fo rm . S im i la r  a rg u m en ts  a p p ly  t o  l i n e a r  
a c c e l e r a t i o n s  o f  e d d ie s .  T o g e th e r ,  r o t a t i o n a l  an d  l i n e a r  
a c c e l e r a t i o n s  o f  th e  m ain  eddy g e n e r a te  a n t i c y c l o n ic  e d d ie s  
t h a t  d raw  t h e i r  e n e rg y  from  th e  o n ly  a v a i l a b l e  s o u rc e — th e  
m ain e d d y .
►  E d d ie s  w i th  l a r g e  m a jo r-m in o r a x i s  r a t i o s  (3 :1 )  have  
th e  s h o r t e s t  l i f e t i m e s .  The m ain eddy n o t  o n ly  l o s e s  e n e rg y  
th ro u g h  d i s s i p a t i o n  and  a n t i c y c l o n ic  e d d ie s ,  b u t  p a r t s  o f  
th e  eddy a c t u a l l y  b re a k  o f f .  E lo n g a te d  e d d ie s  h a v e  t h i s
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s p e c i a l  m echanism  b ecau se  th e  a c c e l e r a t i o n s  shown i n  F ig u re  5 
l i t e r a l l y  become s t r o n g  enough to  p u l l  t h e  eddy a p a r t .
R ouse (1963) p o in t s  o u t  t h a t  th e s e  a r e  t h e  ty p e  o f  e d d ie s  
t h a t  p la y  t h e  m ajo r r o l e  i n  t h e i r  own b re a k u p . A f t e r  th e  
b r e a k in g  up p r o c e s s ,  how ever, th e  n e w ly  fo rm ed  e d d ie s  te n d  
t o  be more c i r c u l a r  and lo n g e r  l a s t i n g .  A lth o u g h  f i e l d  
d a t a  i n  F ig u r e s  1 and 2 show e l l i p t i c a l  e d d ie s  fo rm in g , th e  
d a t a  i n  F ig u r e  9 i n d ic a t e  t h a t  th e  l o n g e s t - l a s t i n g  e d d ie s  
a r e  more n e a r l y  c i r c u l a r .
MOTIONS
Two o th e r  c o n c lu s io n s  stem  from  th e  eddy m ovem ents 
p r e d i c t e d  by th e  m odel.
►  An e l l i p t i c a l  eddy a lw ays m oves r e l a t i v e  t o  th e  
s u r ro u n d in g  f l u i d .  A n o n - r o t a t i n g ,  n o n - t r a n s l a t i n g  s t a t e  
c a n n o t be  a c h ie v e d  by i n t e r n a l  f lo w  a d ju s tm e n ts  I n  e l l i p ­
t i c a l  e d d ie s .  F u r th e rm o re , a  h y p o t h e t i c a l  f lo w  f i e l d  c a n ­
n o t  be d e v is e d  f o r  a  s t a t i o n a r y ,  e l l i p t i c a l  e d d y . As an  
ex am p le , su p p o se  t h a t  th e  m ajo r a x i s  o f  a n  eddy i s  o r i e n t e d  
n o r t h - s o u t h .  R e la t i v e ly  lo w e r s p e e d s  w ould be r e q u i r e d  i n  
n o r t h e r n  and  s o u th e rn  e x tre m e s  to  e q u a l i z e  i n e r t i a l  a c c e l e r ­
a t i o n s  a ro u n d  th e  o r b i t s .  H ow ever, t h i s  f lo w  p a t t e r n  w ould 
p ro d u c e  b o th  n e t  and d i f f e r e n t i a l  a c c e l e r a t i o n s  o f  th e  eddy 
d u e  to  th e  C o r i o l i s  a c c e l e r a t i o n .  T he eddy w ould  th e n  move, 
an d  u p s e t  t h e  i n e r t i a l  b a la n c e .  S i m i l a r  p ro b lem s a r i s e  
w i th  any  f lo w  p a t t e r n ,  b e c a u se  any im b a la n c e  w i l l  c a u s e  th e  
eddy  t o  move.
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Some s e l f - a d ju s tm e n t s  d id  o c c u r ,  how ever, w i th in  th e  
t e s t  eddy . I n  F ig u re  6 ,  t h e  eddy  r o t a t e d  and t r a n s l a t e d  i n  
5 d a y s , b u t  i t  a l s o  m o d if ie d  i t s  i n t e r n a l  f lo w . S tro n g  i n ­
e r t i a l  a c c e l e r a t i o n s  a t  t h e  n o r t h e r n  an d  s o u th e rn  ends 
p u l le d  flo w  l i n e s  a p a r t ;  b u t  b e f o r e  b a la n c e  c o u ld  be a c h ie v e d ,  
t h e  w idened  s e c t i o n  moved t o  a n o th e r  p a r t  o f  th e  e l l i p s e .
►  C i r c u l a r  e d d ie s  move l e s s  th a n  e l l i p t i c a l  e d d ie s .
F ig u r e  13 shows r e l a t i v e l y  s m a ll  movement o f  th e  c i r c u l a r  
eddy a s  com pared t o  t h e  t e s t  eddy i n  F ig u r e  7 o r  th e  e lo n ­
g a te d  e l l i p t i c a l  eddy i n  F ig u r e  15* I n e r t i a l  a c c e l e r a t i o n s  
c a n  be b a la n c e d  i n  c i r c u l a r  f lo w , and  s m a l le r  l a t i t u d i n a l  
change  a ro u n d  th e  o r b i t s  m in im iz e s  d i f f e r e n t i a l  C o r i o l i s  
a c c e l e r a t i o n s .
The m o tio n  o f  an  e l l i p t i c a l  eddy i s  re d u c e d  a s  i t  b e­
comes more c i r c u l a r  (b re a k u p  i s  a  f a s t  way) and  a s  i t  s h r in k s  
( e f f e c t  o f  v i s c o s i t y )  t o  m in im iz e  C o r i o l i s  v a r i a t i o n s .  By 
th e s e  r e a c t i o n s ,  minimum d i s s i p a t i o n  i s  a c h ie v e d ,  a c c o rd in g  
t o  T a b le  5 , and  th e  e d d y 's  l i f e t i m e  i s  e x te n d e d . F ig u re  9 
seem s t o  s u g g e s t  t h a t  t h i s  i s  in d e e d  w hat happens to  e d d ie s .
VARIED INITIAL CONDITIONS
The r e s u l t s  from  f o u r  r u n s  w ith  h ig h - s p e e d  zones i n i ­
t i a l l y  i n  d i f f e r e n t  q u a r t e r s  o f  t h e  eddy w ere q u i t e  s i m i l a r .
They showed t h a t :
►  I n i t i a l  a sy m m e tr ie s  i n  e d d ie s  a f f e c t  t h e i r  i n i t i a l  
d e ca y  r a t e  b u t  have  l i t t l e  e f f e c t  on t o t a l  movement o r 
f i n a l  sh a p e . The i n i t i a l  p o s i t i o n  o f  th e  h ig h -s p e e d  zone
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a p p a r e n t ly  i n f lu e n c e s  th e  a b i l i t y  o f  th e  eddy t o  sh ed  a n t i -  
c y c lo n ic  e d d ie s .  I n  a  few  d a y s , how ever, v i s c o s i t y  and  o th e r  
a c c e l e r a t i o n s  d e s t r o y  o r i g i n a l  a sy m m e trie s  so  t h a t  n e t  e f f e c t s  
a r e  s i m i l a r  a f t e r  10 d a y s .
A ru n  was a l s o  made w ith  th e  t e s t  eddy*s m a jo r  a x i s  
o r i e n te d  e a s t - w e s t .  I n  t h i s  p o s i t i o n ,  s m a l le r  v a r i a t i o n s  i n  
C o r io l i s  a c c e l e r a t i o n  o c c u r .  The fo l lo w in g  r e s u l t s  w ere  n o t  
s u r p r i s i n g :
►  I n i t i a l  p o s i t i o n  o f  th e  m ajo r a x i s  o f  a n  e l l i p t i c a l  
eddy i s  r e l a t e d  t o  t h e  t o t a l  d r i f t  o c c u r r in g  i n  10 d a y s :  an  
o r i g i n a l l y  n o r t h - s o u t h  m a jo r  a x i s  d r i f t s  f a r t h e s t ;  an  e a s t -  
w es t m a jo r a x i s  d r i f t s  l e a s t .  T h is  d r i f t  i s  p ro b a b ly  a l s o  
r e l a t e d  t o  o b s e rv e d  d i f f e r e n c e s  i n  a n t i c y c l o n ic  e d d ie s  b e ­
tw een  ru n s  w i th  d i f f e r e n t  i n i t i a l  p o s i t i o n s .  L ess  m o tio n  o f  
th e  m ain eddy d i s t u r b s  th e  v o r t i c i t y  f i e l d  l e s s ,  an d  r e q u i r e s  
few er o r  w eak er a n t i c y c l o n i c  e d d ie s  t o  be g e n e r a te d .
Runs w i th  a n o th e r  eddy i n i t i a l l y  c lo s e  by show ed t h a t  
r e s u l t s  d ep en d  on eddy s e p a r a t i o n .  I n  g e n e r a l ,  t h e  ru n s  
i n d ic a t e d  t h a t :
►  Two c i r c u l a r ,  c y c lo n ic  e d d ie s  do n o t  j o i n ,  b u t  te n d  
t o  r e p e l  one a n o th e r .  R e p u ls io n  was e s p e c i a l l y  e v id e n t  when 
i n i t i a l  s e p a r a t i o n  o f  eddy c e n t e r s  was o n ly  one eddy d ia m e te r ,  
and  c o n s id e r a b le  e n e rg y  was l o s t  by fo rm a t io n  o f  a n t i c y c l o n i c  
e d d ie s .
LIMITATIONS
The ab o v e  f i n d in g s  a p p ly  o n ly  w i th in  t h e  ra n g e  o f
r e s t r i c t i o n s  and  a ssu m p tio n s  u sed  i n  t h i s  i n v e s t i g a t i o n .  
T h ese  a r e :
1) The r e s u l t s  a r e  b a sed  on v e r t i c a l  i n t e g r a t i o n s  o f  a n  
e q u iv a l e n t - b a r o t r o p lc  m odel. The o b v io u s  im provem ent w ould 
be  a  m u l t i l a y e r  b a r o c l in i c  m o d el, b u t  s u c h  a  m odel s h o u ld  
p ro b a b ly  a w a i t  s u b s u r f a c e  c u r r e n t  d a t a  on  e d d ie s .
2) C y c lo n ic  e d d ie s  w ere th e  o n ly  ty p e  s t u d i e d .  F i r s t  
r e s u l t s  a p p e a re d  t o  a p p ly  t o  b o th  c y c lo n ic  and  a n t i c y c l o n ic  
e d d ie s  b e c a u se  o f  th e  p r e d i c t i o n  e q u a t io n  ( e q u a t io n  2 .2 .2 9 )  
sym m etry .*  T h is  sym m etry s u g g e s te d  t h a t  p r e d i c t i o n s  o f  a  
c y c lo n ic  eddy and  i t s  I n v e r s e  a n t i c y c l o n i c  eddy c o u ld  be 
i n t e r p r e t e d  from  th e  same r u n .  The e r r o r  i n  t h i s  id e a  
a p p e a re d  i n  th e  s t a b i l i t y  t e s t s .  A n t i c y c lo n ic  e d d ie s  g en ­
e r a t e d  a s  i n v e r s e s  o f  c y c lo n ic  e d d ie s  p ro v e d  u n s t a b l e .
Owing t o  t h e i r  d i f f e r e n t  s t r u c t u r a l  r e q u i r e m e n ts  f o r  s t a b i l ­
i t y ,  th e  r e s u l t s  do n o t  a p p ly  t o  a n t i c y c l o n i c  e d d ie s .
3) The ru n s  showed o n ly  10 d ay s  o f  a  lo n g  h i s t o r y .
A bout 30 d ay s  a r e  r e q u i r e d  t o  c o m p le te ly  o r b i t  th e  t e s t  eddy 
a t  th e  maximum v e r t i c a l l y - a v e r a g e d  f lo w  s p e e d . Model ru n s  
o f  t h i s  p e r io d  w ere  d e s i r a b l e  b u t  u n o b ta in a b le  ow ing t o  
l i m i t a t i o n s  o f  th e  a v a i l a b l e  c o m p u te r . A l a r g e r  and  f a s t e r  
m ach ine  w ould  have  a llo w e d  a  l a r g e r  g r i d  a r e a  an d  lo n g e r  
p r e d i c t i o n s  w i th o u t  boundary  p ro b le m s .
* When th e  t r a n s p o r t  f i e l d  o f  a  c y c lo n ic  eddy i s  d iv id e d  by 
i t s  maximum an d  s u b t r a c t e d  from  u n i t y ,  t h e  r e s u l t  a p p e a rs  
t o  be  a  n o rm a liz e d  t r a n s p o r t  f i e l d  f o r  a n  a n t i c y c l o n i c  
e d d y . The p r e d i c t i o n  e q u a t io n  f o r  t h i s  new f i e l d  i s  id e n ­
t i c a l  t o  th e  o r i g i n a l  p r e d i c t i o n  e x c e p t  "y" i s  r e p la c e d  by 
"m inus y " .
4) B ackground c u r r e n t s  w ere  n o t  in c lu d e d .  T h is  e s p e c i ­
a l l y  a p p l i e s  t o  c o n c lu s io n s  a b o u t  eddy d r i f t .  F o r exam ple , 
m odel e d d ie s  d r i f t e d  n o r th w e s t ,  w h e rea s  t h e  o b se rv e d  eddy
i n  F ig u re  2 d r i f t e d  s o u t h e a s t .  U n d o u b ted ly  th e  G u lf S tream  
an d  a d ja c e n t  c u r r e n t s  o v e r r i d e  t h e  e d d y 's  own m o tio n .
5) E d d ie s  i n  t h i s  m odel do  n o t  e x te n d  to  th e  b o tto m . 
R e c e n t c u r r e n t  d a ta  (S c h m itz  e t  a l . ,  1970) i n d i c a t e  t h a t  th e  
G u lf  S tream  e x te n d s  n e a r l y  t o  th e  b o tto m . I f  t h i s  w ere 
a l s o  t r u e  o f  e d d ie s ,  v o r te x  s t r e t c h i n g  w ould  be im p o r ta n t
i n  eddy m o tio n s (W arren , 1 9 6 7 ) .  S u b s u r fa c e  c u r r e n t  o b s e r ­
v a t io n s  a r e  a l s o  n eed ed  t o  r e s o l v e  t h i s  q u e s t io n .
6) F r i c t i o n  was r e p r e s e n te d  o n ly  c r u d e ly .  Runs w ith  and  
w ith o u t  f r i c t i o n  show s i g n i f i c a n t  d i f f e r e n c e s ,  and  p o in t  o u t 
t h a t  some form  o f  f r i c t i o n  i s  im p o r ta n t .  C e r ta in ly  a  more 
e le g a n t  m ethod th a n  a  c o n s t a n t  eddy v i s c o s i t y  w ould be d e ­
s i r a b l e .
One f i n a l  p o in t  a b o u t  t h e  r e s u l t s  i s  w o rth  n o t in g .
F i e l d  e v id e n c e  f o r  t h e  o c c u r r e n c e  o f  s p u n - o f f  a n t i c y c l o n ic  
e d d ie s  p r e d i c te d  by t h i s  m odel i s  m eag er. T h is  c o u ld  be 
b e c a u se  th e y  r a r e l y  o c c u r ,  and  w ere  o n ly  p ro d u ced  i n  th e  
m odel by a  v a lu e  o f eddy v i s c o s i t y  t h a t  was lo o  low . Ob­
s e rv e d  l i f e t i m e s ,  h o w ev er, seem  t o  r u l e  o u t  t h i s  p o s s i b i l ­
i t y .  More l i k e l y ,  a n t i c y c l o n i c  e d d ie s  a r e  spawned and n o t  
o b se rv e d  b e c a u se  th e y  l a c k  th e  s t r o n g  th e rm a l  c o n t r a s t  
u s e f u l  i n  d e te c t i o n  o f  m ain  e d d ie s .  T h e i r  o b s e r v a t io n  
w ould r e q u i r e  a  f i n e  g r i d  o f  d e n s i t y  o r  c u r r e n t  d a ta  n o r th  
o r  so u th  o f  a  new ly fo rm ed  c y c lo n ic  e l l i p t i c a l  eddy .
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APPENDIX B 
PREDICTION PROGRAM
The fo l lo w in g  p ro g ram  i s  w r i t t e n  i n  FORTRAN IV f o r  th e  
G - le v e l  c o m p ile r  o f t h e  IBM 3 6 0 /5 0  co m p u ter and  CALCOMP 665 
p l o t t e r  a t  th e  W illia m  a n d  Mary C om puter C e n te r .  A c o re  
p a r t i t i o n  o f  150k b y te s  and  a p p ro x im a te ly  one h o u r e la p s e d  
tim e  w ere r e q u i r e d  t o  p e rfo rm  a l l  o p e r a t io n s  (d iag ram ed  in  
F ig u re  3) f o r  a  1 0 -d a y  p r e d i c t i o n .  O nly t h e  m ain p o r t io n  
o f  th e  p r e d i c t i o n  p rog ram  and a  p r i n t e r  d i s p l a y  a r e  g iv e n ; 
a u x i l l i a r y  r o u t in e s  f o r  eddy g e n e r a t i o n ,  sm o o th in g , s t a ­
b i l i t y  t e s t i n g ,  and p l o t t i n g  a r e  n o t  l i s t e d .  The program  
was n o t  o p tim iz e d  f o r  e i t h e r  c o r e  o r  t im e  r e q u ire m e n ts  
e x c e p t f o r  th e  i n t e g r a t i o n  a lg o r i th m .
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